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INTRODUCTION 
Studies of fluid flow through porous media have been reported from 
such diversified fields as petroleum production, sanitary engineering, 
chemical engineering, physics, hydrodynamics, mechanical engineering, 
physical chemistry, geophysics, and agriculture. Despite this tech­
nological importance of the laws governing fluid flow through porous 
media many of these laws have not yet been formulated clearly. This is 
true especially of the laws governing multiphase linear and non-linear 
flow; where linear flow is defined as flow in which the flow lines are 
parallel and of equal length throughout the flow system, and non-linear 
flow as any flow not satisfying these conditions. The phase of flow 
gives reference to the rate of fluid mass movement, and is termed 
"viscous flow" for low flow rates, ''turbulent flow" for high flow rates, 
and "transitional flow" for intermediate flow rates. 
Of interest in the agricultural engineering field is the flow of air 
through grain and hay in drying installations. Most of these installa­
tions are such that the air streamlines are not parallel nor are the air 
paths of equal length; thus, making non-linear flow of special interest. 
Definition of Symbols 
In reviewing the literature it was found that different authors used 
different symbols to define a given factor. In order that the reader 
might compare easily the equations given and in order to avoid repeti­
tion, the following definitions of symbols will be used throughout the 
manuscript. The equations given in the literature have not been changed 
except that the symbols have been changed to agree with the definitions 
in Table 1. Since all authors have not used the same units, basic 
dimensions rather than specific units have been included generally alon 
with the definition. 
Table 1. Definition of symbols 
Symbol Definition Basic 
dimension 
A 
a 
b 
C 
Cross sectional area of porous bed 
A proportionality coefficient 
An exponent 
A proportionality coefficient 
An exponent 
Diameter of a sphere having a surface 
area equal to the surface area of the 
solids per unit volume of solids in a 
porous medium 
Mean diameter of the particles in a porous 
media 
Porosity, ratio of the void volume to the 
total bed volume 
Modified friction factor, ratio of the 
pressure loss to the kinetic energy 
losses 
Modified friction factor, ratio of the 
pressure loss to the viscous energy 
losses 
Mass rate of fluid flow 
Acceleration due to gravity 
A proportionality coefficient 
FTL 
LT"2 
-3 
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Table 1. (Continued) 
Symbol Definition Basic 
dimension 
L 
Le 
ln 
m 
N. Re 
n 
P 
AP 
A proportionality coefficient 
A proportionality coefficient 
Distance between pressure taps 
Length of the tortuous path fluid 
takes through a porous media 
Natural or Naperian logarithm 
An exponent 
Modified Reynold's number 
Distance normal to the isopressure 
lines 
Static pressure 
Pressure drop, height of a water column 
FL 
- 2  
• xx 
xy 
-yy 
ÔP 
on 
3? 
ox 
ÔP 
~§y 
52P 
dx2 
&2p 
ôxôy 
d2P 
ôy2 
Fluid flow rate L3T-1 
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Table 1. (Continued) 
Symbol Definition Basic 
dimension 
s 
U 
x 
V 
v 
V. 
Specific surface, ratio of the total 
particle surface area to the total 
volume of a porous bed 
Total surface area of particles 
Distance along a flow line 
Void velocity, based on the fractional 
void cross section 
Velocity component in the horizontal 
direction 
èu 
"cbT 
Total volume of the particles in a 
porous bed 
Velocity component in the vertical 
direction 
ov 
L 
L2 
L 
LT 
LT" 
-1 
LT -1 
w 
X 
y 
©c 
p 
r 
Superficial fluid velocity, based on the 
total column cross section 
Length in the horizontal direction 
Length in the vertical direction 
Shape factor, ratio of the surface area 
of a particle to the surface area of a 
sphere of equal volume 
Absolute viscosity of the fluid 
Volume density of the fluid 
Area density of the fluid 
LT 
L 
L 
-1 
FL >2T 
FL~4T2 
FL"3T2 
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Review of Literature 
Flow through nonagricultural materials 
The pressure loss associated with the flow of fluids through beds 
of granular materials has been the subject of considerable theoretical 
analyses and experimental investigations. A summary of the work done in 
this field up until 1937, particularly that applying to petroleum 
production, was given in a book by Muskat (33). A more inclusive summary 
was reported in 1957 by Scheidegger (38). In preparing for this book 
Scheidegger reviewed over 2,000 articles gathered from all parts of the 
world. 
Both Muskat and Scheidegger agreed that the first work reported on 
fluid flow through porous media was by D'Arcy (13) in 1856. Here it was 
concluded that the rate of flow of water through a sand filter was 
proportional to the area of the sand, the difference between the fluid 
heads at the inlet and outlet faces of the filter, and inversely propor­
tional to the thickness of the sand filter. That is: 
Q = C ^  (1) 
Porosity was introduced into this equation by Slichter (43) as the first 
real attempt to relate the flow of fluids through porous media to the 
geometry of the media. 
Since the presentation of Slichter1s work in 1897-8 many attempts 
have been made to extend D'Arcy1 s law to apply to a wide range of porous 
materials and fluids. By assuming laminar flow of gases through a model 
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of porous material in which all of the capillaries in the material were 
of the same diameter and were oriented at random throughout the solid 
material, Klinkenberg (30) developed a correction for the permeability 
constant in D'Arcy's equation by use of "Gas Slip Theory." This correc­
tion enabled Klinkenberg to apply the equation to gas flow through porous 
media. The new permeability coefficient was found to be approximately 
a linear function of the reciprocal mean pressure, and extrapolation of 
this to infinite mean pressure gave a permeability constant that was 
characteristic of the porous material only. Similar studies were report­
ed by Calhoun and Yuster (3) with conclusions that although the 
permeability values differed for different gases, all values extrapolated 
to infinite mean pressure gave one common value which was essentially 
the same as the permeability of the media to liquids. 
In a review of the work done before 1956 in extending D'Arcy's law, 
Carman (9) stated that Kozeny (31) related the proportionality constant 
in the law to the fractional void volume and the specific surface of the 
media. In this development Kozeny assumed that the pore space was 
equivalent to a bundle of parallel capillaries with a cross-sectional 
shape representative of the average shape of a pore cross section. 
Carman (10) modified the Kozeny relation to correct the pore velocity to 
that for a tortuous path; thus obtaining a relationship, "Kozeny-Carman 
Equation", which related the pressure losses for viscous flow to the 
properties of both the fluid and the media. 
Fowler and Hertel (18) used the mass rate of air flow to replace 
the velocity in Kozeny's original equation to determine the surface area 
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per unit volume of packings of textile fibers. The materials used were 
cotton, wool, rayon, and glass wool fibers. Orientation of the fibers 
was concluded to be important and a suggestion of introducing an 
orientation term was made but not fully checked. However, about the 
same time, Sullivan and Hertel (45) did approach the problem of orienta­
tion a little more thoroughly. By using glass particles, constants for 
the Kozeny equation were obtained exclusive of particle orientation, 
and then the equation applied to data from packings of fixed arrangements 
of textile fibers. In this study the proportionality constant in 
Kozeny's equation was found to vary from about three for fibers parallel 
to the direction of air flow to about six for fibers perpendicular to the 
flow, with a value 4.50 + 0.02 for randomly packed fibers. 
Another study to extend D'Arcy's equation to gas flow through 
randomly packed columns was reported in 1949 by Ergun and Orning (16). 
In this work an equation was developed by modifying Kozeny's approach in 
that the granular bed was assumed to be equivalent to a group of 
parallel and equal-sized channels; such that the total internal surface 
and the free internal volume were equal to the total packing surface and 
the void volume respectively. For analysis of the data a modified 
friction-factor type of presentation was chosen. This study showed the 
modified friction factor to be a linear function of the mass flow rate, 
with the coefficients of the equation dependent upon the fractional void 
volume and specific surface of the packing material, and the viscosity 
of the fluid. 
Following up his and Orning's earlier work Ergun (14) reported results 
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from which was concluded that for fluid flow through beds of granular 
solids the pressure losses were caused simultaneously by viscous and 
kinetic energy losses. The following comprehensive equation was given to 
apply to all phases of flow: 
Ergun further stated that the viscous energy losses per unit length of 
packed column were expressed by the first term of the equation and the 
kinetic energy losses by the second term. 
In this report Ergun chose to represent the data by plotting a new 
friction factor against a function of the modified Reynold's number. 
The friction factor used was represented by the ratio of the pressure 
drop per unit length of column to the viscous energy term in Equation 2. 
More conventionally the friction factor had been taken as the ratio of 
the pressure drop to the kinetic energy term. Ergun said of the two 
friction factors (14, p. 93): 
Both factors are capable of presenting the data. However, fv 
has a big advantage over f% in that it is a linear function 
of the modified Reynold's number .... On the other hand, f^ 
which has been used almost exclusively is an inverse function. 
That is, 
(2 )  
(3) 
and 
(4) 
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as obtained from Equation 2. 
Using his own data and that of others obtained from the literature 
Ergun determined by least squares, values of k% and kg as follows: 
kj_ = 150 
kg = 1.75. 
These values were obtained from data gathered in 640 investigations 
which involved various-sized spheres, sand, pulverized coke, and the 
following gases: Carbon dioxide, nitrogen, methane, and hydrogen. The 
plot of all these data showed a smooth transition from viscous to 
turbulent flow, indicating that a single function can describe all phases 
of fluid flow through granular beds. To demonstrate the application of 
the equation Ergun (15) compared a blast furnace to a packed column and 
determined the air blast needed in the furnace for making iron. 
In addition to the work done in extending D'Arcy1 s equation, much 
work has been reported where modifications were made to the equation 
describing flow through a pipe in order to analyze fluid flow through 
porous media. Burke and Plummer (7) developed a relation between pres­
sure losses, flow rates, and properties of porous media by this tech­
nique. The pipe flow equation was altered by replacing the diameter of 
the pipe by the diameter of the particles in the media, and the approach 
velocity by the void velocity. The void volume also was introduced into 
the equation as the factor, 
iizni (5) 
fb 
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which has the desired characteristics that when £ is equal to zero, P 
is equal to infinity, and when f is equal to 1, P is equal to zero. The 
equation used appeared as follows: 
P = k Um dp"3 n2"m pm_1 L (1 - f)c f"m"b (6) 
For air flow through lead shot, in which shot of three different 
diameters were used separately and in combinations at different ratios, 
Burke and Plummer concluded that the exponents of the equation depended 
upon the phase of the flow, ranging between the values 1 and 2. For 
completely viscous flow c and b were equal to 2 and m equal to 1, while 
for completely turbulent flow the reverse was true, m = 2 and c = b = 1. 
Also using a modified form of the pipe flow equation Chilton and 
Colburn (11) presented a logarithmic plot of a modified friction factor 
against a modified Reynold's number to represent data from studies of 
pressure losses in packed tubes. Two straight lines were fitted to these 
data, one for low and one for high Reynold's numbers. These lines 
intersected on the graph at a Reynold's number of about 40. Therefore, 
it was concluded that for the best representation of the complete range 
of flow velocities through a bed of unconsolidated granular material; 
two relationships between pressure losses and flow velocities should be 
used, one above and one below a Reynold's number of 40. 
An extension of the Chilton-Colburn type of data representation, 
to data from packings with porosities greater than 50 percent, was 
reported by White (46). In order to get high porosities White used 
Raschig rings and other types of hollow-packing materials. In the 
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analysis of the data, the Chilton-Colburn curves were taken as a 
standard and a correction term based on particle shape was calculated. 
This correction was used to fit results from other investigators to 
the friction-factor type of data plot. But even with the correction, poor 
correlation was obtained; thus creating some question as to the applica­
bility of the two equations of Chilton and Colburn over a wide range of 
porosities. 
Porosities from 12.3 to 90 percent obtained by consolidating beds 
of spheres with resin were investigated by Brome 11 and others (4, 5). 
In these studies particle shape was included as a variable, but was 
entered in the final analysis as a function of porosity by relating 
these in a separate experiment. Upon fitting a modified pipe flow 
equation to the data, porosity was concluded to be a variable of prime 
importance. It was stated further, recognition must be given the fact 
that pore volume has "quality"; therefore, an improved method of predict­
ing two-phase flow through porous media would be obtained by using a 
broad definition of pore volume based on a great variety of experimental 
data. 
Another study with various porosities was reported by Hatch (20), 
who also reasoned that the pipe flow equation should describe the flow 
through a pipe filled with granular material if the variables in the equa­
tion were adjusted properly. Ways were suggested in which the variables 
might be modified according to hydrodynamic theory to give the following 
equation: 
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r 0 sn\(i-f) 3-m AP = k L g w^ (7) 
As a verification of this reasoning the equation was fitted to data 
obtained from systems in which water flowed through beds of sand of 
similar particle shape, but differing in particle size and size distribu­
tion. From the analysis m was found to be one, a fact that agrees with 
the results obtained by Burke and Plummer (7) for viscous flow. 
A comprehensive study of porosity, particle shape, and gas flow 
through packed tubes was reported by Leva and others (32). The work was 
reported in two parts; one for high flow rates, and the other for low 
flow rates. Equations to represent the data were obtained by using the 
mass flow rate for the velocity and adding a porosity term and a shape 
factor in the pipe flow equation. The equations were tested for pack­
ings of rings, cylinders, spheres, and Berl saddles giving a good range 
of shapes and voids. It was concluded that for turbulent flow the 
pressure gradient was proportional to the factor: 
(i-f) «C 
f3 
(8) 
and for viscous flow it was proportional to the factor: 
q-f)2 <& 
f3 
(9) 
which are the same factors found by Burke and Plummer (7). A plot of 
the data as a modified friction factor against a modified Reynold's 
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number showed a scatter about the mean of approximately + 8 percent. 
Therefore, it was concluded, since the data possibly could have had as 
much as 10 percent error in measurement, the equations as developed 
incorporated all of the major variables usually encountered with gas 
flow through random packings of granular materials. 
Two other reports describing fluid flow through porous media used 
an analytical and a dimensional analysis approach respectively. Fatt 
(17), in order to describe porous media analytically; reasoned that 
porous media were more or less isotropic with respect to fluid flow and 
should be treated as such in developing relations between the various 
measurable properties of the porous media. Following this reasoning a 
network model was used to develop an equation describing porous media. 
This model was basically that of Kozeny1s bundle of capillaries applied 
in the two directions parallel and perpendicular to the direction of 
fluid flow, with the capillaries parallel to the flow receiving the 
greater weight. After applying the relations to experimental data, Fatt 
concluded that the dynamic properties of a porous medium, such as fluid 
permeability and electrical conductivity were better measures of medium 
structure and pore size distribution than were the static properties of 
porosity and pressure characteristics. 
A dimensional analysis approach was used by Rose (35) to develop an 
equation based on the assumptions that the head of fluid necessary to 
maintain a given velocity of flow through a bed of granular material was 
dependent upon the following. 
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A. Fluid characteristics 
1. Density 
2. Absolute viscosity 
B. Granular bed characteristics 
1. A length parallel to the direction of flow (depth of the 
bed) 
2. A length perpendicular to the direction of flow (diameter 
of the tube into which the granular material was packed) 
3. Diameter of the granular particles 
4. Surface roughness of the particles 
5. Shape and size distribution of the particles 
6. Porosity of the packed bed, and 
G. The acceleration of gravity. 
In the experimental work Rose used smooth spherical shot closely graded 
about a mean diameter in order to eliminate surface roughness, and shape 
and size distribution. In a later paper with Rizk (36) the use of non-
spherical materials was reported. These studies covered a range of 
porosities from 30 to 90 percent and shapes ranging from spheres, to 
hollow cylinders, shell insulators, and wire nails. The porosity and 
wall effect factor were found to relate to the head loss by some undeter­
mined functions. Therefore, Rose and Rizk chose to represent these in 
the equation as arbitrary functions whose values were determined from 
curves developed in preliminary experiments ; thus requiring an experi­
mental evaluating of the wall and porosity effects for each different 
system before the equation can be applied. 
15 
Flow through agricultural materials 
The advent of grain and hay drying on the farm created the necessity 
for information on the resistance offered by these to air flow, in 
order that proper design of equipment can be made. Hukill (24) cites the 
report (1) of a symposium on the developments of grain drying previous to 
19 28, but states that grain drying on the farm was limited to only a 
few isolated installations until much later. 
In 1931 Stirneman and others (44) reported results of tests made in 
order to determine the resistance to air offered by columns of rice of 
varying depths. The volume of air passed into the grain was measured 
with an orifice meter, and the pressure drop across the grain was taken 
to be the static pressure developed by the fan. The range of the data 
was from 9 to 50 cubic feet of air per minute per square foot of grain 
cross section, from 1.5 to 12 feet of grain depth, and static pressures 
of 1, 2, 3, and 4 inches of water pressure. A plot of the air volume 
passed through the grain at a given static pressure against the depth 
of the grain gave a straight line on logarithmic paper. Upon represent­
ing these lines by the equation: 
the values of C and m were found to depend upon the static pressure. 
Henderson (22, 23) reported work done with shelled corn, soybeans, 
and oats in which the results were fitted to the equation: 
where P was the static pressure in the plenum leading to the column of 
w = C (L)m (10) 
w = C (P)m , (11) 
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grain. For corn and soybeans, C was found to decrease and m to increase 
slightly with increasing grain depth, resulting in the following 
simplified formula to represent the total results: 
, .0.63 
- • 
for shelled corn, and 
- • «g» 2  
for soybeans. Since the plot of air flow rates against static pressures 
for oats failed to give a straight line on logarithmic paper, a charac­
teristic also exhibited in a small amount of data taken for grain 
sorghum; Henderson concluded this characteristic to be associated with 
grain size, since both these grains are small compared with corn and soy­
beans . 
Works similar to Henderson's have been reported by Shedd (40), Bruhn 
(6), and Nissing (34) for ear corn, hay, and cotton respectively. These 
investigators also represented their data with an equation of the form: 
w = C(AP/L)m (14) 
and agreed that C and m were not constant, but were related to the depth 
of material and possibly to other properties of the air and materials 
not measured. 
In 1951 and 1953 Shedd (41, 42) reported results superseding his 
earlier work with ear corn. These covered a wider range of air flow 
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rates and most of the major agricultural materials which might require 
drying. In these reports the plot on logarithmic paper of air flow rate 
against pressure drop per unit depth of material was shown to give a 
straight line only for relatively high flow rates. Shedd observed 
further the resistance of the materials to air flow to be highly sensi­
tive to conditions such as density, moisture content, presence of foreign 
materials, and grain or particle size. But even with the limitations, 
of no quantitative measure of these conditions and the fact the report­
ed results were obtained from linear flow systems, Shedd1 s data have been 
used widely for designing drying installations and for interpreting 
research data from non-linear flow systems. 
Since ducts instead of continuous surfaces are used for introducing 
air into many of the farm driers, it was only natural for investigations 
to be made into the air flow characteristics of these non-linear flow 
systems. By passing a chemical smoke through soybeans treated with 
cobalt chloride, Ives and others (28) obtained the air flow pattern in a 
model of a duct-type system by photographing the smoke lines, and measur­
ing the pressures at a grid of points covering the cross section of the 
bin. Upon calculation of "isotraverse time-lines", which were defined as 
the locus of all air particles in a bin of grain of equal in-grain age, 
all air flow lines were found to be straight and parallel beyond a 
distance above the air entrance level of approximately one-half of the 
center-to-center duct spacing. It also was stated that there existed a 
correspondence between the "isotraverse time-lines" and the drying front 
which developed in the grain bin; indicating that a better understanding 
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of the air behavior in a grain bin will aid in a better understanding 
of the drying characteristics of the grain. 
Studies of air flow and pressure patterns in full scale grain 
drying installations have been reported by Collins (12), Hukill (25), 
Hukill and Shedd (27), and Karazian and Hall (29). All of these inves­
tigators reported results obtained from quonset-type installations 
which had a duct down the center of the building for introducing the 
air into the grain. Collins (12) determined the effective ventilation 
in the quonset-type structure by constructing a flow net for a transverse 
section of the grain. The flow net was constructed by plotting pres­
sures obtained at points arranged as a grid in the grain cross section, 
drawing isopressure lines through these points, and then graphically 
constructing flow lines normal to the isopressure lines. Flow lines 
were spaced such that the channels enclosed by them represented flow of 
equal volumes of air; thus allowing the flow net calibration to be 
checked against the total delivery of the fan. Such a calibrated flow 
net can be used for quantitative analysis, but it is restricted to the 
one system in which the data for constructing the flow net were ob­
tained. 
Building design changes and experimental study techniques resulted 
from Hukill's (25) investigations into the effects of building components 
and equipment arrangements upon drying performance of grains in quonsets. 
These experimental techniques were utilized later by Hukill and Shedd 
(27) in determining the effective ventilation, at any point in the 
quonsets, from a flow net similar to that reported by Collins (12). The 
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flow net was used to arrive at a "traverse time", defined to be the time 
in seconds required for a given mass of air to move from the entrance 
into the grain to any point or level under consideration. These times 
were determined by applying values from Shedd's data (41) to each section 
of a flow line between consecutive isopressure lines in order to deter­
mine the average air travel time between isopressure lines, then accumu­
lating the sum of these times from the entrance to the point under 
consideration. Points with equal traverse times were considered to have 
equal effectiveness of ventilation. 
The problem of getting more uniform ventilation in partially filled 
quonsets was investigated and reported by Karazian and Hall (29). An 
effective ventilation for the different portions of the grain was comput­
ed in basically the same way as reported by Hukill and Shedd (27) with the 
exception that the mean velocity of flow was calculated along the flow 
lines midway between isopressure lines instead of as the time required 
for a mass of air to pass from one isopressure line to the next. To 
change the ventilation pattern a cover, over the grain surface directly 
above the air entrance duct, was added and found to be helpful in 
getting a greater percentage of the air to pass through the least venti­
lated regions of the grain. The effectiveness of the cover decreased 
with increasing depth of grain, and the width of cover needed for optimum 
results increased with decreasing grain depth. 
The method of analysis of combining Shedd1 s data (41) with a flow 
net for a grain bin cross section also has been used by Brooker (2) for 
comparing air flow from four types of lateral ducts. This analysis 
required a flow net for each of the four types of ducts, a process which 
required considerable time and effort. An attempt to reduce the labor 
and time required for this type of analysis was reported by Hall (19), 
who developed a procedure and an equation for determining the air flow 
needed per accumulated bushel of grain to be dried. However, the use of 
this equation employed basically the same methods used by Hukill and 
Shedd (27), since it required both the linear spacing between isopressure 
lines drawn at 0.1 inch of water pressure differences over a grain cross 
section and a relationship between air flow rate and grain depth. 
Another equation for grain drier design was reported by Henderson 
(21). Here a design equation for deep-bed driers was developed by 
integrating the differential form of the power equation (Equation 14) 
over a cross section of a bin. In the development a mean air velocity 
greater than 8 cfm per sq. ft. of bin area was assumed so the power 
equation might be applicable. Also the air was assumed to flow radially 
from the duct to a semicircle of radius equal to one-half the bin width, 
md to flow linearly throughout the remainder of the grain. The useful­
ness of Henderson's equation is restricted by the assumptions made in 
its development, and if offers very little to explain the true nature 
of the flow through the grain. 
An extension of Shedd1 s data (41) to predict pressure patterns for 
radial flow of air in grains was reported by Hukill and Ives (26). A 
pressure prediction for any point in the system was obtained by 
empirically fitting the equation 
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dP 
ds 
C v;2 (15) 
In (1 + kw) 
to Shedd's data (41); then integrating this equation along a flow line 
from the air entrance to the point under consideration. In the report, 
calculated pressures were compared to experimentally measured pressures 
from two different columns of shelled corn. The first comparison was for 
corn held between two concentric circular screened surfaces of 6 inches 
and 8 feet diameter respectively, and the second for corn held between 
24 inches and 8 feet diameter surfaces. In both tests good correla­
tions were found between experimental and calculated pressures except 
in the portion of grain near the inter duct surface. The cause of this 
departure was not determined but it was shown to be influenced by 
something other than the air entrance-surface conditions. 
Another method for extending the results from linear air flow 
studies to predict the pressure patterns in non-linear flow systems was 
introduced by Brooker (3). This method was to develop a non-linear flow 
prediction equation under the assumptions that: 
1. The power equation, 
described the relation between air velocity and pressure gradi­
ent in a linear flow system, 
2. air flow in a non-linear flow system was normal to the isopres­
sure lines, and 
3. the differential form of Equation 16 described the flow along a 
differential element of a flow line in a non-linear flow system. 
w = C(AP/L)m (16) 
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The actual development was accomplished by combining the differential 
form of Equation 16 with the continuity equation, 
to obtain the following equation for describing non-linear air flow 
through porous media 
An analytical solution to the above equation is very difficult 
if not impossible to obtain. However, a numerical solution can be ob­
tained for a given set of boundary conditions by representing the partial 
differential equation as a difference equation; and calculating pressures 
by the difference equation with the aid of a high speed computer. 
Brooker suggested this method of solution but did not carry out the 
computations; therefore, did not present any verification of the 
applicability of the equation. 
ux + vy = 0 (17) 
= 0 (18) 
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OBJECTIVE 
Because of the difficulty of analytically describing the boundaries 
within a porous media and of the inability to solve, by classical methods, 
the differential equations of fluid motion in these media, many empirical 
equations have been formulated to represent fluid flow through porous 
media. The literature reveals some empirical relations for linear flow 
systems that apply to a great variety of fluids and porous beds. Four 
different approaches to the linear flow problem have been discussed in 
the review of literature section on flow through nonagricultural 
materials, but in none of these works has any attempt been made to apply 
the results to non-linear flow. In the review of literature section 
on flow through agricultural materials several works on non-linear flow 
were discussed. However, most of this work was done with specific 
installations to answer particular questions about these systems. Of the 
more general approaches to the non-linear flow problem Brooker1 s (3) 
appears to have more merit, but cannot be judged fully since an experi­
mental check of the analytical analysis was not given. 
The purpose of the present work was to obtain an experimental check 
of the equation reported by Brooker (3) (Equation 18). Also, since this 
equation was developed from a linear flow equation which was shown by 
Shedd (41) to apply only for short ranges of air flow rates; a new equa­
tion based on a linear flow equation which applies to a greater range of 
flow rates was developed and checked. Therefore, the total objective 
was to check both Equation 18 and a newly developed equation against 
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experimentally determined results and check them against each other for 
effectiveness of prediction of pressure patterns in non-linear flow 
systems. 
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PROCEDURE 
The general approach to the problem was to empirically determine a 
relationship between pressure gradients and air flow rates for a linear 
flow system. Then with the assumptions that: 
1. the air flow through the porous media arranged as a non-linear 
flow system flowed in a direction normal to the isopressure 
surfaces, and 
2. the differential form of the empirical linear flow equation 
described the velocity-pressure gradient relation along the 
direction normal to the isopressure surfaces in the non-linear 
flow system, 
the linear flow equation was combined with the two-dimensional steady-
state mass continuity equation and an equation obtained for predicting 
the static pressure at any point in a non-linear flow system. This equa­
tion, along with a non-linear flow equation taken from the literature 
(Equation 18) were solved for numerical solutions, which were compared 
with experimentally determined data. 
The determination of a suitable linear flow equation was approached 
from the standpoint of obtaining data for air flow through steel shot. 
This was thought desirable, because by personally obtaining the linear 
flow data, the limitations of the data as well as the limitations of the 
equation selected to fit these data would be known. Steel shot were 
chosen because their spherical nature and uniform size gave a more uni­
form bulk density throughout the packed columns, and geometry or physical 
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characteristics to the porous beds that did not change with time. Steel 
shot also were used as the porous bed, in a model of a duct-type crop 
drier, for determining the experimental non-linear flow data used for 
comparison with the solutions from the non-linear flow prediction equa­
tions. 
Equipment and Material 
It was considered desirable to be able to measure air flow rates 
accurately and to reproduce the same flow rate in different tests. 
Fortunately a piece of apparatus was available which made it possible to 
meet these requirements. The apparatus was basically that described by 
Shedd (42). It consisted of an open topped cylindrical tank containing 
water, a 4-inch diameter standpipe through the bottom of the tank extend­
ing above the water level to serve as an air outlet (and inlet), and an 
arrangement for driving cylindrical bells, of smaller diameters than the 
tank, up and down at a known speed. 
The mechanism for driving the bell up and down consisted of a re­
versible electric motor, a V-belt from the motor to a jack shaft, a 
roller-chain drive from the jack shaft to a worm gear speed reducer, a 
roller-chain drive from the speed reducer to a pinion, and a rack driven 
by the pinion attached to the bell. The speed of the jack shaft was 
checked several times over the complete range of speeds used in the study 
and found to be 236 + 2 revolutions per minute. The displacement of the 
rack was 18.86 + 0.03 inches for 3 revolutions of the pinion. 
There were two bells available: one with an inside diameter of 9.5 
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inches and the other with an inside diameter of 32 inches. By using 
different combinations of sprockets on the jack shaft, speed reducer, and 
pinion shafts it was possible to get flow rates from 0.033 to 1.825 cfm 
with the small bell and from 0.383 to 41.389 cfm with the large bell. A 
sketch of the apparatus including the large bell is shown in Figure 1. 
During the study the power train for the air pump was modified by 
replacing the jack shaft with two transmissions. A sketch of these 
transmissions is shown in Figure 21. After this modification the power 
train consisted of a reversible electric motor, a V-belt from the motor 
to the small transmission, the two transmissions coupled together in 
series, a roller-chain drive from the large transmission to a worm gear 
speed reducer, a roller-chain drive from the speed reducer to a pinion 
driving a rack attached to the bell. This new power train allowed 
the rate of air flow to be changed more easily and quickly by changing 
gears in the transmissions. With the large bell and only two different 
sprocket ratios between the large transmission and the speed reducer 39 
flow rates were obtained with the large bell, ranging from 0.220 to 
25.698 cfm. 
The steel shot used to form the porous beds were copper coated steel 
air rifle shot (B-B shot). The shot were very uniform in size and nearly 
spherical with a mean diameter calculated to be 1.44 x 10"^ ft. when they 
were assumed to be true spheres. 
For the first four linear flow tests the shot were contained in a 
steel cylinder 6 inches in diameter and 19-1/2 inches long. One end of 
the cylinder was covered with screen wire backed with 3/8-inch thick 
gure 1. Apparatus for supplying air at a constant known rate 
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perforated steel plate to give strength for carrying the weight of the 
shot. Two pressure taps through the wall of the cylinder were located 12 
inches apart with the lower one located 5-1/2 inches above the perforated 
plate. The cylinder was mounted on the top of a plenum which connected 
to the standpipe from the air pump as shown in Figure 2. The plenum 
consisted of a grease drum with an inside diameter of 12 inches and a length 
of 24 inches, and contained a sheet of expanded metal about mid-way its 
length to serve as an air stiller. 
Vibrations were applied to the cylinder during loading in order to 
obtain different porosities within the beds of shot. The vibrator used 
for packing the cylinder consisted of a cam mounted on a shaft which was 
turned at a speed of about 240 rpm. The cam was constructed so as to 
give impacts to the cylinder by allowing it to free fall through 1/4-
inch each revolution. Figure 3 shows the vibrator and cylinder with the 
cylinder help up to make the cam visible. 
For the non-linear flow study a wooden model of a duct-type crop 
drying installation was constructed from 3/4-inch plywood. Since the 
air flow pattern in a duct-type system is symmetrical, between sections 
formed by planes passed through the grain at the centerline of the ducts 
and points midway between ducts, the model was confined to only one of 
these sections. 
The inside dimensions of the model were 24 x 24 x 1-1/2 inches. 
Sealed joints in the model were assured by fabricating the model with 
casine glue and painting the exterior with a plastic base paint. A 
3x3 inches square duct was placed in one corner of the 24 x 24 inches 
Figure 2. Linear flow test cylinder with apparatus for supplying 
air at a known rate in the background 
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Figure 3. Mechanical vibrator and test cylinder with the cam 
indicated by the arrow 
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cross section and pressure taps were located at various points over this 
cross section. The duct was fabricated from 3/8-inch thick perforated 
plate and covered with screen wire. A 3 x 3 inches grid spacing was 
used for locating the basic pattern of pressure taps but was reduced to 
1-1/2 and 3/4 inches around the boundaries and near the duct, as can be 
seen in Figure 4. A pressure tap was formed by drilling a 1/64-inch 
diameter hole through the side of the model, counters inking a 1/4-inch 
diameter copper tube concentric to the hole, and sealing the tube to the 
wood with Duco Household Cement. Short rubber tubes with brass rivets 
in one end were used to seal the copper tubes while they were not being 
used for taking static pressure readings. 
A supporting frame for the model was made from two saw horses, with 
the model suspended between these so that it could be rotated to aid in 
unloading. The model was connected to the air pump through the plenum used 
in the linear flow studies and a tin conversion section which connected 
the circular outlet of the plenum to the rectangular inlet of the model. 
A view of the model connected to the pump is shown in Figure 5. 
Since attempts to vary the porosity in the wooden model failed, a 
linear flow study was required to establish the parameters of the linear 
flow equation at the porosity used during the non-linear flow study. For 
this purpose the model was equipped with a false floor made of 3/8-inch 
perforated plate covered with screen wire and supported 3 inches above 
the bottom of the model with perforated supports placed 4 inches apart. 
The floor was removable so the model could be changed from a linear flow 
system to a non-linear flow system or vice versa without destroying the 
Figure 4. Non-linear flow model showing pressure tap locations 
and sealing technique 

Figure 5. Non-linear flow model and supporting frame with apparatus 
for supplying air in the background 
39 
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seals between the sides of the model. 
Three manometers were used for the pressure measurements. For 
pressures above 2 inches of water a U-tube manometer with a range up to 
15 inches of water and a least division of 0.1 inch of water was used. 
An inclined manometer with a range from zero to 2 inches of water and a 
least division of 0.01 inch of water was used to determine pressures be­
tween 0.1 and 2.0 inches of water. Pressures below 0.1 inch of water 
were measured with a micromanometer which had been constructed by 
U. S. D. A. researchers. The instrument was the same as described by 
Shedd (39), and consisted of water contained in two glass tubes mounted 
on a frame, connected at the bottom with a rubber tube, and arranged at 
the top for connection to pressure taps with rubber tubes. One glass 
tube (tube A) was mounted rigidly to the frame, while the other (tube B) 
was attached to a carriage which was driven up and down with a micrometer. 
Extended above the bottom of tube A was a pointed wire, and behind this 
tube was mounted a ground glass window with a 3/16-inch wide strip of 
black tape. By placing a light behind the window an image of the tape 
was formed on the water surface in tube A. 
The principle steps in the operation of the micromanometer were to 
apply a pressure to the top of tube B; thus forcing the water from tube 
B into tube A, lower tube A with the micrometer until the wire broke the 
tape image on the water surface in tube B, read the micrometer dial, and 
then repeat these operations with no pressure applied to tube B. The 
pressure applied to tube A was then determined as the difference between 
the two micrometer readings. Even though the micrometer had a least 
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division of 0.001 inch of water, the visible judgment required to deter­
mine when the water levels in the two legs were balanced (when the wire 
broke the tape image) reduced the reproducibility to approximately 
v 0.005 inch of water. 
A set of platform scales with a least division of 1/80 pound was 
used to weigh the shot as they were loaded into the test bins. Air 
temperatures were measured with Fahrenheit thermometers placed in the 
air supply pipe between the air pump and the plenum, and atmospheric 
pressure was measured with a recording barometer. 
Linear Flow Studies 
In order to obtain the most representative equation for linear air 
flow through porous media it was desirable to find an equation that 
described the flow through the media over a range of media porosity. 
Different porosities were obtained with the steel shot by applying dif­
ferent loading techniques to the test cylinder. These were: 1. pouring 
the shot into the cylinder at a steady rate, 2. pouring the shot into the 
cylinder at a steady rate and then vibrating the cylinder for 5 seconds, 
3. repeating the second loading procedure except for continuing the 
vibrations for 1 minute, and 4. vibrating the cylinder while pouring it 
full with a small cup, an operation which took about 5 minutes. These 
loading techniques gave porosities of 0.418, 0.397, 0.380, and 0.373 
respectively. 
A fifth porosity (0.437) was obtained by loading the wooden model as 
a linear flow system. This loading procedure consisted of first filling 
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a plastic tube placed in the model with shot and then removing the tube 
slowly from the model so that the shot rolled into place without bouncing. 
For each of the four porosities obtained in the test cylinder the 
pressure drop across one foot of the bed was measured for 40 different 
air flow rates ranging from 0.17 to 210.90 cfm per sq. ft. of cylinder 
cross sectional area. Along with each pressure drop measurement were 
recorded the dry- and wet-bulb temperatures of the air passing through 
the bed, the barometric pressure within the laboratory, and the static 
pressure in the plenum. The following sequence was followed in obtain­
ing the data: 
1. calculated the weight and weighed out the shots needed for a 
given porosity in the cylinder, 
2. loaded the shots into the cylinder by employing the appropriate 
loading technique, 
3. fitted the air pump with the small bell, 
4. recorded the data while air was being forced through the bed of 
shots at a known rate, 
5. changed the sprockets in the power train of the air pump to 
obtain another air flow rate, and repeated step 4, 
6. repeated step 5 through two cycles of air flow rates obtained 
with the small bell, 
7. fitted the air pump with the large bell and repeated steps 4 
and 5 for each of the air flow rates available with the large 
bell, and 
8. repeated steps 1 through 7 for the remaining three porosities. 
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The two sets of data taken with the small bell were used in an attempt to 
average out the possible reading error associated with the micromanometer 
used to measure the small pressures produced by these low air flow rates. 
This error was possible through the inability of visibly determining 
when the water levels in the legs of the micromanometer exactly coincided. 
The procedure used in the linear flow study made with the porous 
bed held in the wooden model was similar to those with the beds in the 
cylinder, except two pressure drops were measured across one foot of bed 
depth and the average taken as the true pressure drop. First the 
pressure drop was measured across a section of the bed 4-1/2 inches down 
stream from the air entrance, then across a bed section 19-1/2 inches 
down stream. Both measurements were made across a section of shot 
located from 4-1/2 to 16-1/2 inches above the perforated floor in the 
model as shown in Figure 17. Also, since the results from this study 
were not used in the equation fitting operations, but for determining 
values for the bed characteristics used in the non-linear flow equation, 
only air flow rates obtained with the large bell were investigated. 
Determination of the linear flow equation 
In the selection of a linear flow equation there were three factors 
desired of the equation form. First and most important was that the equa­
tion fit the linear flow data obtained in the studies of air flow through 
beds of steel shot. Secondly, it was necessary that the equation be 
explicitly solvable for the air flow rate, since this was required for 
the linear flow equation to be combined with a mass continuity equation. 
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Thirdly, an equation with a simple algebraic form was desired, since this 
linear flow equation was to be applied to non-linear flow systems and the 
simpler its form the simpler the non-linear flow equation derived from 
it, thus the greater likelihood that the non-linear flow equation can and 
will be used for farm drier installation designs. 
Data from the four linear flow tests made with the porous beds 
held in the cylinder were used to determine the equation form that best 
described the relationship between pressure gradients and air velocities 
in a porous bed. Determination of this equation form was accomplished by 
trial and error. That is, several different factors derived from dif­
ferent combinations of the data were calculated and plotted on various 
types of graph paper in an attempt to get some combination of these data 
to plot as a straight line. Also many linear flow equations gathered 
from the literature were checked to determine how well they fitted the 
data. In all, between 40 and 50 equation forms and data plots were 
checked and compared. 
From the equation fitting work the equation 
AP/L = a (ebw2/AP/L _ L) (19) 
was chosen as the equation which best represented the data. This equa­
tion is a simple exponential relation, between the variables AP/L and 
w^/AP/L, forced through the origin by translating it through a distance 
(a) along the AP/L axis. The major disadvantage of Equation 19 is that 
it cannot be linearized with respect to the parameters, thus eliminating 
the possibility of fitting it to experimental data by the standard least 
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squares statistical method. Therefore, the equation was fitted by a 
modified least squares method as given by Scarborough (37) on page 463. 
This method consisted of the following steps: 
1. obtaining estimates of the equation parameters, a and b, 
2. using these estimates to calculate values of the dependent 
variable (AP/L) and values of the change of the dependent vari­
able with respect to each of the parameters (tiP/cia0, cP/cb0, 
with a0, and bQ being the estimated parameter values) for each 
2 
value of the independent variable contained in the 
experimental data, ^ 
3. subtracting the experimental values of the dependent variable 
from the calculated values, and 
4. with the use of these differences and the values of 0P/da0, and 
ÔP/Bb0, determine by least squares, corrections for the 
initally assumed values of the parameters. 
A semi-logarithmic plot of the experimental data and the fitted curves 
for the five linear flow studies is shown in Figure 6, and the values of 
the equation parameters as determined by the modified least squares 
method are given in Table 2. 
Porosity as related to the linear flow equation parameters 
The range and number of bed porosities that were obtained with the 
steel shot did not give sufficient data for reliably relating the equa­
tion parameters to the bed porosities. Nevertheless, a few general 
observations can be made. 
The values of (a) as given in Table 2, show a randomness as compared 
Figure 6. Modified least squares fit of the linear air flow data for various porosities 
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Table 2. Parameters of the fitted linear flow equation 
f a b  b m *  
(porosity) (in. of water (in. of water, min. (in. of water min. 
per ft.) sq. per ft. cu.) sq. per ft. cu.) 
0.437 0 .0349 4 .750  x io" 4  4.659 X io" 4  
0.418 0 .0302 6 .285 X 
<
h i o
 
r-
i 
5.815 X H*
 
o
 1 
0.397 0 .0434 7 .454  X IO"4 7.663 X io" 4  
0.330 0 .0334 9 .666  X io - 4  9.445 X 
I O
 
i—i 
- 4  0 .373  0 .0420 9 .770  X 10 9 .974  X 10 
^Determined for the mean value of a = 0.0368 in. of water per ft. 
to the bed porosities, but their range is very small indicating that (a) 
could be independent of the bed characteristics. In fact, if the mean of 
a's (0.0368 in. of water per ft.), is taken as the value of (a) for all 
porosities the data plot on semi-logarithmic paper as shown in Figure 7. 
The lines shown in the figure are the least squares fit of the original 
data with (a) fixed at 0.0368 in. of water per ft. A comparison of 
Figures 6 and 7 shows that with parameter (a) constant the fitted lines 
describe the data almost as well as do the lines in Figure 6 where (a) 
has a different value for each porosity. Also, since the experimentally 
measured pressure gradient appears in both variables used in the analysis 
the parameters are very sensitive to small changes in the pressure 
gradients, thus to experimental error. Therefore, within the limits of 
the experimental error and for the small range of porosities investigated, 
(a) is taken to be independent of the porous bed characteristics. 
Figure 7. Least squares fit of the linear air flow data for various porosities and with 
parameter (a) held constant 
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Assuming (a) to be a constant, the values of the parameter (b) are 
as given in Table 2 under the column bm. A plot of these values or. (b) 
against the reciprocal of the porosity on rectangular coordinate paper 
can be represented very well as a straight line having the following 
equation, 
b = 1.59 x 10~3 (1/f) - 2.74 :: 10~3 (20) 
as is shown in Figure 8. This equation has the desired characteristic 
that as (f) approaches zero, (b) approaches infinity. Which is to say, 
as the void volume in a porous bed becomes less the pressure gradient 
becomes larger for a constant air velocity. However, at the upper end 
of the porosity scale, Equation 20 does not exhibit such a desirable 
characteristic since as (f) approaches infinity, (b) approaches the 
negative value -2.74 :: 10"™'. That is if (b) is allowed to take on a 
negative value, say b = -c, the linear flow equation when solved for the 
velocity is, 
w = AP/L InV 0 / ^21) 
-c 
N 
Therefore, since AP/L and (a) are both positive quantities, (w) is 
imaginary, and has no meaning as related to the physical system. This 
indicates the porosity range investigated is too limited for a complete 
analysis. But, this was not the objective for the study and was present­
ed here only as a general discussion to show that the equation parameters 
do have sufficience and are related to the physical system in some manner. 
gure 8. Parameter (b) as related to the bed porosities 
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Non-linear Flow Study 
Experimental results 
As a means for checking the non-linear flow equation, experimental 
data were obtained from a wooden model of a duct-type grain drying system 
loaded with steel shot. The shot were loaded to a media porosity of 
0.437, and the air pump was arranged to force air through the bed of shot 
at a rate of 24.46 cfm. 
Initially static pressures were measured at points located on a 
3x3 inches grid spacing over a cross section of the model. After an 
exploratory study additional pressure taps were added along the bounda­
ries and around the air inlet duct in order to investigate these critical 
areas more thoroughly. Since Che air pump was limited to small supplies 
of air, only one pressure reading could be obtained during each descent 
of the bell. Therefore, the procedure used to obtain the data was to 
take a static pressure reading while the bell moved down, change the 
manometer to a new pressure tap while the bell moved up, then repeat 
these steps for each of the pressure taps in the model. Precautions had 
to be taken to allow enough time on the down stroke of the bell for the 
flow to reach steady state conditions before the pressure readings were 
recorded. By observing the fluid in the manometers, it was noted that 
the manometers reached equilibrium with the air very quickly after the 
bell was put into motion; nevertheless, to ensure complete equilibrium 
pressures were not recorded until the bell had moved through about 2/3 
of its travel distance. 
Since air temperature and atmospheric pressure were not explicitly 
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accounted for in the linear flow equation it was desirable to obtain the 
non-linear flow data during a period when these remained fairly constant. 
Observing these from time to time during the non-linear flow studies 
enabled selection of a set of static pressures obtained during a time 
when the temperature changed about 2°F and the atmospheric pressure 
changed less than 0.01 inch of mercury. 
The static pressures obtained in the non-linear flow study are 
given in Figure 13 of Appendix A. Values are shown superimposed on a 
cross section of the model such that the decimal point of the values 
correspond to the location of the pressure tap from which the values 
were taken. Along the duct surface in Figure 18 the pressure values 
shown have been corrected for the pressure loss through the duct. This 
correction was made by subtracting from the duct pressure, observed dur­
ing the study, the pressure measured across the duct when the same volume 
of air as used during the study flowed through the empty model. 
A plot of these static pressures over a cross section of the model 
gives a pressure surface for the porous bed. The surface obtained by 
drawing smooth curves through the plotted points is shown along with the 
plotted points in Figure 9. 
Calculated results 
A development of the equation, 
(22) 
Figure 9. Static pressure surface for experimental data from non­
linear air flow study 
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where: 
M = \ 
(a +\|p£ + P|) ln( a ^  pï + p? 
(23) 
for predicting pressure patterns in a non-linear air flow system is given 
in Appendix C. The equation was developed by combining, 
bw-/AP/L 
AP/L = a (e - 1) (24) 
an empirically determined linear flow equation, with the steady state two-
dimensional mass continuity equation. Another equation for predicting 
pressure patterns in non-linear flow systems, 
(1-m) P% + 2 Py •^xx ~ 2 ( 1+m) Px Py PXy •>" 
2 P% + (1-m) P^ Pyy = 0 (25) 
was developed by Brooker (3) . The development procedure used by Brooker 
was the same as given in Appendix C, except the development was started 
from a different linear flow equation; namely, 
w = G (AP/L) m (26)  
Since both of the non-linear flow equations above are to be dis­
cussed in this and subsequent sections of the manuscript, names will be 
used as a method of distinguishing which equation is under discussion. 
Equation 22 will be referred to as the two-dimensional exponential 
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equation and Equation 25 as the two-dimensional power equation, since 
they were developed from linear flow exponential and power equations 
respectively. 
Both the two-dimensional exponential and the two-dimensional power 
equations are of a type which is very difficult, if not impossible, to 
solve analytically. Also, the geometry of the porous bed was such that 
describing the boundaries within the bed also was very difficult. 
Therefore, numerical solutions of the non-linear flow prediction equations 
were obtained for the external boundary conditions encountered in the 
experimental model, and parameters as determined from least squares fits, 
of Equations 24 and 26 respectively, to the linear flow experimental data 
obtained with the wooden model. These conditions were, 
1. a constant static pressure equal to the corrected experimental­
ly determined duct pressure along the duct surface, 
2. a zero pressure gradient normal to the walls of the model, 
3. pressure values at the outlet surface of the bed equal to the 
values obtained by extrapolating the experimental surface in 
Figure 9 to the outlet boundary, and 
4. parameter values of (a) equal to 0.0029 inches of water per 
inch, and (m) equal to 0.78. 
The reason for finite pressures along the outlet surface instead of 
zero gauge pressures was to make the calculated surface conform more to 
the actual situation. In the physical system a mass of air must have a 
finite velocity at the outlet surface in order to move away from the 
surface enough to make a place for the air following it through the media. 
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If the air has a velocity a pressure gradient must be driving it. This 
pressure gradient was too small to measure experimentally; therefore, the 
best estimate of it was thought to be the values indicated by the 
experimental pressure surface when the curves through the measured points 
were extrapolated to the outlet surface. 
Static pressure values were computed for each of the equations at 
points corresponding to a 1-1/2 x 1-1/2 inches grid over the cross sec­
tion of the model. The computations were accomplished by transforming 
the partial differential equations into difference equations and 
programing these difference equations to be solved with the Cyclone 
Computer, a digital computer located at Iowa State University. A method 
of successive approximations, starting from assumed pressure values at 
each point in the grid, was employed in the machine for determining the 
solutions of the equations. An approximation was computed for each grid 
point in turn by fitting the difference equation through the eight points 
adjacent to this point. After the first approximation was finished for 
all points in the grid, the process was repeated to get a second or 
improved approximation at each point, and so on until the values for two 
consecutive approximations were equal. 
In order to speed the computations, ten points were selected and the 
pressure values at these were printed out and checked after each ten 
approximations in order to determine convergence of the computations. 
After the values at these ten selected points were observed to have 
converged the computations were allowed to continue for a short time and 
then three consecutive approximations for the complete grid were printed 
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and checked for convergence. 
Two of the boundaries were held at constant values during the 
computations, the ones along the air inlet duct surface and the air 
outlet surface. Along the other boundaries the pressure gradient normal 
to the walls of the model was equal to zero. This boundary condition 
was accomplished in the computer by reflecting the set of internal values 
next to these boundaries one grid space outside the boundaries and fit­
ting the equation through these reflected points and their corresponding 
internal points, just as was done for the computations at the internal 
points. In other words, the values along these boundaries were values 
calculated by fitting the difference equations through two sets of the 
first row of internal values placed two grid spaces apart. 
Values of the static pressures calculated from the two-dimensional 
exponential equation are given in Figure 19 in Appendix A, and those 
from the two-dimensional power equation are given in Figure 20. Here 
again the values are given over a cross section of the experimental model 
with the decimal point in the numbers indicating the location of the grid 
points for which the values were calculated. Figure 10 shows the static 
pressure surface plotted from the values calculated with the two-
dimensional exponential equation and Figure 11 shows the pressure surface 
for the two-dimensional power equation. 
Figure 10. Static pressure surface for two-dimensional exponential 
equation 
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DISCUSSION OF RESULTS 
Evaluation of Pressure Prediction Equations 
At first glance the pressure surfaces shown in Figures 9, 10, and 
11 appear to be the same, but with a little closer inspection they are 
found to be different. The experimental surface shown in Figure 9 is 
slightly concave or has a reversed curvature from the air supply duct 
to a distance of about 1-1/2 inches from the duct surface, where as 
the two calculated surfaces are convex in this region. 
Results similar to these were reported by Hukill and Ives (26) 
for radial air flow through corn. The cause of this reverse action 
near the air inlet duct was not determined by the investigators, but it 
was concluded not to be an entrance-surface effect. No attempt was 
made in the present study to define this air reaction near the duct; 
however, it is interesting to note that during some preliminary tests, 
using 3x3 inches and 1-1/2 x 1-1/2 inches grid spacings around the 
duct, this concaved curvature was not found. This fact can be 
demonstrated on Figure 9 by neglecting the points located 3/4 inch from 
the duct surface and tracing smooth curves through the other points. 
Because this reversed curvature is confined to a region very near the 
duct it is thought to be related to a discontinuous flow, since the air 
enters the media in jets and an expansion must take place before the air 
becomes distributed to the point it moves through the media as a continu­
ous mass. 
Away from the air supply duct and the region of concaved curvature 
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shown by the experimental surface the three pressure surfaces are convex 
along curves of constant x and y equal to zero, 1-1/2, and 3 inches. 
They differ in this region in the amount of curvature shown by these 
curves. The surfaces representing the experimental data and the two-
dimensional exponential equation show greater curvature near the duct 
and less out near the end of these curves away from the duct than does 
the surface representing the two-dimensional power equation. Though it 
is not very obvious from the figures, the curvature of the surfaces for 
the experimental data and the two-dimensional exponential equation are 
very nearly the same along these curves. In fact, by superimposing the 
initial drawings of the surfaces for the experimental data and the two-
dimensional exponential equation the two surfaces showed near coincidence 
for the complete cross section of the model. Superimposing the surfaces 
for the two-dimensional power equation and the experimental data did not 
show any region of coincidence. 
An example of the degree to which the equations predict the static 
pressures is shown in Figure 12. Here is shown the curves of intersec­
tion between the surfaces in Figures 9, 10, and 11 and y-P planes 
through x equal to 3 and 4-1/2 inches. In Figure 12 the two-dimensional 
power equation shows pressure values considerably higher than the experi­
mental data, whereas the two-dimensional exponential equation shows 
pressure values near the experimental values. That is, the curves for 
the two-dimensional exponential equation, in general, have the same shape 
as the experimental data and even in the regions where the experimental 
data and the curves for the two-dimensional exponential equation do not 
Figure 12. Curves from pressure surfaces for x equal to 3 and 4-1/2 
inches 
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coincide, the experimental values vary enough to scatter about the 
curves for the two-dimensional exponential equation. 
Figure 12 shows a comparison between the equations and the experi­
mental data for only two sections of the model. To get an evaluation 
of the equations over the complete cross section, differences between 
the calculated values and the experimental data were taken and are 
given in Figure 13 for the two-dimensional exponential equation minus 
the experimental data and in Figure 14 for the two-dimensional power 
equation minus the experimental data. A comparison of the values in 
these two figures shows that in general the same conclusions can be 
made for the complete model cross section as were made for the sections 
shown in Figure 12. That is, the two-dimensional power equation 
predicted pressure values considerably higher than values from the two-
dimensional exponential equation or the experimental values. Also, 
the two-dimensional exponential equation predicted pressures slightly 
higher than the experimental values, but the predictions were close 
enough to the experimental values for the variation in the experimental 
results to cause some experimental values to be greater than the 
calculated values, as shown by the negative values in Figure 13. 
A final comparison of the equations and the experimental results is 
shown in Figure 15, which shows the flow nets for the two equations and 
the experimental data superimposed onto one graph. The isopressure 
lines shown on the graph were constructed by interpolating between the 
pressure values ; therefore are a fairly reliable comparison between the 
equations and the experimental results. On the other hand, the flow 
Figure 13. Difference values between the two-dimensional exponential 
equation and the experimental data 
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lines were constructed by starting from poincs along the air outlet, 
calculated to divide the flow into four equal parts, and drawing lines 
perpendicular to the isopressure lines. This method of constructing 
flow lines is definitely subject to error and is presented here only as 
an indication of the mean path air might take while passing through a 
two-dimensional porous media. 
Isopressure lines for the two-dimensional exponential equation and 
the experimental data coincide at a pressure of 4 inches of water, and 
are relatively close over the complete cross section. Those for the two-
dimensional power equation again point out the fact that this equation 
predicted pressure values larger than the experimental data. 
The two-dimensional power equation predictions could have been 
changed in magnitude and perhaps in direction by evaluating the parameter 
(m) for another range of air flow rates. That is, the two-dimensional 
power equation was developed from a linear flow equation, 
w = C (AP/L)m (27) 
which was shown by Shedd (41) to be applicable only for narrow ranges of 
air flow rates, thus causing the value of (m) to be dependent upon the 
range of air flow rates used in its evaluation. However, both parameter 
(m) from the two-dimensional power equation, and parameter (a) from the 
two-dimensional exponential equation were determined by least squares 
from the linear flow data obtained with the wooden model. These data 
included air flow rates from 0.88 to 173.34 feet per minute, which 
covers the range of velocities found in the non-linear flow study. 
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Therefore, the values of these parameters, used in the pressure predic­
tion calculations, (m = 0.78, and a = 0.0029 inches of water per inch) 
were considered to be the best possible values for the air flow rates 
investigated in the non-linear flow system. 
Unlike the two-dimensional power equation, the two-dimensional 
exponential equation was developed from a linear flow equation shown in 
this study to describe linear flow data over a range of air velocities 
from 0.17 to 210.90 feet per minute. Other than the differences between 
the two linear flow equations from which the developments started, the 
two non-linear flow equations were developed and solved in the same 
manner. Therefore, the failure of the two-dimensional power equation 
and the success of the two-dimensional exponential equation to predict 
pressures to correspond to the experimental values is concluded to be 
directly associated with the linear flow equations from which they were 
developed. That is, Equation 24 is concluded to be a good representa­
tion of linear air flow through porous media for ranges of air velocities 
and pressures which include those of interest in crop drying and 
aeration. 
Because of the possible experimental error associated with the 
empirical determination of the parameter (a), the small systematic 
difference, as seen in Figure 13 between the experimental data and the 
values calculated from the two-dimensional exponential equation, is 
considered to be nonsufficient since any experimental error associated 
with the parameter becomes systematic through the calculation process 
of solving the equation. Therefore, upon considering the possibility 
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that both the calculated results and the experimental non-linear flow 
results can have experimental error associated with them, it is concluded 
that the two-dimensional exponential equation predicts pressures for non­
linear flow through porous media that are within the limits of experimen­
tal error. 
Additional Work Needed 
It has been demonstrated in this study that the evaluation of the 
two-dimensional exponential equation parameter (a), from linear air flow 
results, is sufficient to use in the equation for predicting pressures 
in a non-linear flow system. Therefore, to predict pressures with the 
two-dimensional exponential equation in beds of agricultural materials, 
establishment of the equation parameter for these materials is needed. 
Unlike the bed of steel shot, beds of agricultural materials do not 
have a uniform bulk density, particle shape and size, nor a constant 
moisture content. Therefore, the fact that the non-linear flow equation 
parameter was shown to be independent of bed porosity for steel shot does 
not necessarily carry over to beds of agricultural materials, a fact 
that must be clarified along with the evaluation of the parameter for 
agricultural materials. 
Once an empirical relation is established to describe air behavior 
in beds of agricultural materials, the equation will be very useful, but 
to further establish the equation according to hydrodynamic laws would 
be highly desirable. Considerable work, which started from the hydro-
dynamic laws and proceeded toward a flow relation for porous media, has 
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been done; however, with the aid of an empirical relation the problem can 
be approached either by reducing the empirical relation to basic hydro-
dynamic laws or continuing as before to work up from the basic laws 
themselves. 
Another area that needs further investigation is the air behavior 
very near the air inlet duct. As shown in Figure 9 and discussed 
earlier, the pressure surface for the experimental data has a reverse 
curvature near the duct surface. Though the influence of this reversing 
effect is very small compared with the total pressure surface, a better 
description of what the air action is in this area is needed in order to 
completely describe non-linear air flow through porous media. 
The discussion to this point has been confined to the establishment 
of air flow and pressure patterns in non-linear flow systems, which is 
logically the first step in describing the crop drying process. But 
once an analytical expression is established to describe this, the final 
step in establishing an analytical means of designing crop driers is to 
expand this non-linear air flow equation to account for the mass and heat 
transfer which takes place during the drying process. This final step 
is one that needs considerable investigation. 
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SUMMARY AND CONCLUSIONS 
The objective of this study was to develop an analytical expression 
to predict air pressure patterns in a porous bed arranged as a non-linear 
flow system. Calculated solutions of two equations were checked against 
results obtained experimentally from a bed of steel shot. One equation 
was obtained from the literature as reported by Brooker (3) (two-
dimensional power equation); and the other developed during the study 
(two-dimensional exponential equation) from an empirical equation 
shown to describe air flow through porous media arranged as a linear flow 
system. 
From the study of air flow through beds of steel shot the following 
conclusions have been reached. 
1. Linear air flow through a porous media can be represented with 
over a range of air flow rates which includes those rates that 
are of interest in crop drying and aeration. 
2. The two-dimensional power equation failed to predict pressures 
to agree with measured pressures for non-linear air flow 
through steel shot. 
3. The two-dimensional exponential equation predicted pressures 
to agree with experimental pressures within the limits of 
experimental error. 
the equation 
bw /AP/L 
(28) 
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APPENDIX A: ORIGINAL AND CALCULATED DATA 
Original and calculated data are given in the following tables for 
linear air flow studies conducted with steel shot packed into a cylinder 
and a wooden model arranged as a linear flow system, and for a non-linear 
flow study with the steel shot packed into the wooden model as a non­
linear flow system. Tables 3 through 10 contain data obtained with the 
steel shot in the cylinder and Figure 16 shows a sketch of the cylinder 
as it was arranged for the tests. Studies were made of 4 different media 
porosities and the results are presented in the tables so the original 
and calculated data for each porosity are grouped together. 
These data were obtained in order to determine a suitable equation 
to describe air flow through porous media arranged as linear flow system. 
Therefore, in order to test some of the equations reported in the 
literature, values for plenum pressure, barometric pressure, and tempera­
tures were obtained and are reported here as original data even though 
these data were not used in the final analysis of the air flow data. The 
tables of calculated data give values for the equation, 
AP/L = a (ebw2/AP/L - i) (29) 
This was picked from the many equations tested as best describing linear 
air flow through steel shot. 
Data for the linear flow study conducted with the steel shot in the 
wooden model are given in Tables 11 and 12. A sketch of the model show­
ing the location of the pressure taps used to obtain these data is shown 
gure 16. Sketch of the test cylinder showing locations of the pres­
sure taps 
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Table 3. Original linear flow data for media with porosity of 0.418 
Air flow Pressure Plenum Barometric 
rate difference pressure pressure - ^ Temperature (°F) 
(cfm per (in. of wa­ (in. of (in. of Wet Dry 
sq. ft.) ter per ft.) water) mercury) bulb bulb 
0.17 0.0007 0.001 28.95 74 75 
0.0006 0.001 29.08 75 76 
0.26 0.0014 0.002 28.95 74 75 
0.0014 0.002 29.08 75 76 
0.34 0.0011 0.002 28.95 74 75 
0.0015 0.002 29.08 75 76 
0.52 0.0024 0.004 28.95 74 75 
0.0022 0.003 29.08 75 76 
0.69 0.0031 0.005 28.95 74 75 
0.0031 0.005 29.08 75 76 
0.78 0.0034 0.006 23.95 74 75 
0.0035 0.006 29.08 75 76 
1.03 0.0050 0.008 23.95 74 75 
0.0050 0.009 29.08 75 76 
1.38 0.0063 0.010 28.95 74 75 
0.0069 0.012 29.08 75 76 
1.55 0.0076 0.012 28.95 74 75 
0.0079 0.012 29.08 74 75 
1.95 0.0100 0.020 29.04 76 77 
2.07 0.0101 0.016 28.95 74 75 
0.0105 0.017 29.08 75 76 
2.32 0.0111 0.017 28.95 74 75 
0.0120 0.017 29.07 74 75 
2.76 0.0131 0.022 28.95 74 75 
0.0135 0.022 29.08 75 76 
2.93 0.0150 0.040 29.04 76 77 
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Table 3. (Continued) 
Air flow 
rate 
(cfra per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
3.91 
4.13 
4.65 
5.86 
6 . 2 0  
7.81 
8.27 
8.79 
9.30 
11.72 
15.62 
17.5b 
23.43 
26.36 
31.24 
35.15 
0.0155 
0.0153 
0.0200 
0.0203 
0.0212 
0.0230 
0.0228 
0.0300 
0.0321 
0.0328 
0.0460 
0.0459 
0.0462 
0.0500 
0.0510 
0.0522 
0.0700 
0.1050 
0.1200 
0.1750 
0.2060 
0.2650 
0.3100 
0.024 
0.023 
0.040 
0.032 
0.032 
0.037 
0.037 
0.070 
0.050 
0.049 
0.090 
0.072 
0.071 
0.100 
0.090 
0.085 
0.150 
0.170 
0.170 
0.250 
0.330 
0.370 
0.500 
28.95 
29.08 
29.04 
28.95 
29.07 
28.95 
29.07 
29.04 
28.95 
29.07 
29.04 
28.95 
29.08 
29.04 
28.95 
29.07 
29.04 
29.03 
29.04 
29.04 
29.04 
29.03 
29.04 
74 
74 
75 
74 
74 
74 
74 
76 
74 
74 
75 
74 
75 
76 
74 
74 
76 
75 
76 
76 
75 
74 
75 
75 
75 
76 
75 
75 
75 
75 
77 
75 
75 
76 
75 
76 
77 
75 
75 
77 
76 
77 
77 
76 
75 
76 
Table 3. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
46.87 
52.27 
70.30 
93.73 
105.45 
140.60 
158.17 
187.47 
210.90 
0.4750 
0.5700 
0.8930 
1.4300 
1.7400 
2.7300 
3.3500 
4.4300 
5.38 
0.750 
0.890 
1.370 
2.200 
2.700 
4.300 
5.300 
7.050 
8 .600  
29.04 
29.04 
29.04 
29.02 
29.04 
29.02 
28.99 
29.02 
28.99 
75 
75 
75 
74 
75 
74 
75 
74 
76 
76 
76 
76 
75 
76 
75 
77 
76 
78 
in Figure 17. Two pressure differences were taken for each air flow 
rate and the mean of these used as the accepted pressure difference 
for the corresponding air flow rate. Table 12 gives the values 
calculated for the equations, 
AP/L . a (=b"2/AP/L - 1) (30, 
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Table 4. Calculated linear flow data for media with porosity of 0.418 
Air flow 
rate 
(cfra per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
w^ 
AP/L 
(cu. ft. per min. sq. 
per in. of water) 
AP/L + a 
(in. of water 
per ft.) 
0.17 0.0007 41.2857 0.0309 
0.26 0.0014 48.2857 0.0316 
0.34 0.0013 88.9231 0.0315 
0.52 0.0023 117.5652 0.0325 
0.69 0.0031 153.5807 0.0333 
0.78 0.0035 173.8286 0.0337 
1.03 0.0050 212.1800 0.0352 
1.38 0.0066 288.5455 0.0368 
1.55 0.0078 308.0128 0.0380 
1.95 0.0100 380.2500 0.0402 
2.07 0.0103 416.0097 0.0405 
2.32 0.0116 464.0000 0.0418 
2.76 0.0133 572.7519 0.0435 
2.93 0.0150 572.3267 0.0452 
3.10 0.0154 624.0260 0.0456 
3.91 0.0200 764.4050 0.0502 
4.13 0.0208 820.0433 0.0510 
4.65 0.0229 944.2140 0.0531 
5.86 0.0300 1144.6533 0.0602 
6.20 0.0325 1182.7692 0.0627 
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Table 4. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
w 
AP/L 
(cu. ft. per min. sq. 
per in. of water) 
AP/L + a 
(in. of water 
per ft.) 
7.81 
8.27 
8.79 
9.30 
11.72 
15.62 
17.58 
23.43 
26.36 
31.24 
35.15 
46.37 
52.27 
70.30 
93.73 
105.45 
140.60 
158.17 
187.47 
210.90 
0.0460 
0.0461 
0.0500 
0.0516 
0.0700 
0.1050 
0.1200 
0.1750 
0.2060 
0.2650 
0.3100 
0.4750 
0.5700 
0.8930 
1.4300 
1.7400 
2.7300 
3.3500 
4.4300 
5.3800 
1326.0022 
1483.5770 
1545.2820 
1676.1628 
1962.2629 
2323.6610 
2575.4700 
3136.9423 
3373.0563 
3682.7834 
3985.5565 
4624.8356 
4793.2507 
5534.2553 
6143.5755 
6390.6336 
7 241.1575 
7467.9847 
7933.4088 
8267.4368 
0.0762 
0.0763 
0.0802 
0.0818 
0.1002 
0.1352 
0.1502 
0.2052 
0.2362 
0 . 29 5 2 
0.3402 
0.5052 
0.6002 
0.9232 
1.4602 
1.7702 
2.7602 
3.3802 
4.4602 
5.4102 
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Table 5. Original linear flow data for media with porosity of 0.397 
Air flow Pressure Plenum Barometric 
rate difference pressure pressure Temperature (°F) 
(cfm per (in. of wa- (in. of (in. of Wet Dry 
sq. ft.) ter per ft.) water) mercury) bulb bulb 
0.17 0.0013 
0.0011 
0.001 
0.001 
28.97 
28.99 
77 
78 
78 
79 
0 . 2 6  0.0023 
0.0020 
0 .002  
0.001 
28.97 
28.99 
77 
79 
78 
80 
0.34 0.0027 
0.0023 
0 .002  
0 .002  
28.98 
28.99 
77 
78 
78 
79 
0.52 0.0034 
0.0030 
0.004 
0.004 
28.91 
28.99 
79 
79 
80 
80 
0.69 0.0046 
0.0043 
0.007 
0.005 
28.98 
28.99 
77 
78 
78 
79 
0.78 0.0048 
0.0044 
0.006 
0.007 
28.91 
28.99 
79 
79 
80 
80 
1.03 0.0063 
0.0069 
0.009 
0.010 
28.91 
28.99 
79 
79 
80 
80 
1.38 0.0089 
0.0087 
0.013 
0.012 
28.98 
28.99 
77 
78 
78 
79 
1.55 0.0095 
0.0101 
0.015 
0.014 
28.91 
28.98 
79 
79 
80 
80 
1.95 
2.07 
0.0120 
0.0129 
0.0131 
0.020 
0.020 
0.019 
29.00 
28.91 
28.98 
80 
79 
79 
8 1  
80 
80 
2.32 0.0144 
0.0144 
0.023 
0.021 
28.90 
28.98 
80 
79 
8 1  
80 
2.76 0.0174 
0.0170 
0.027 
0.027 
28.98 
28.99 
77 
78 
78 
79 
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Table 5. (Continued) 
Air flow Pressure Plenum Barometric 
rate difference pressure pressure Temperature (°F) 
(cfm per (in. of wa- (in. of (in. of Wet Dry 
sq. ft.) ter per ft.) water) mercury) bulb bulb 
2.93 0.0200 0.035 
3.10 0.0195 0.030 
0.0191 0.030 
3.91 0.0260 0.040 
4.13 0.0274 0.045 
0.0271 0.040 
4.65 0.0309 0.048 
0.0302 0.046 
5.86 0.0400 0.070 
6.20 0.0421 0.065 
0.0412 0.063 
7.81 0.0550 0.110 
8.27 0.0591 0.089 
0.0595 0.089 
8.79 0.0600 0.110 
9.30 0.0668 0.103 
0.0673 0.103 
11.72 0.0870 0.150 
15.62 0.1300 0.210 
17.58 0.1480 0.220 
23.43 0.2180 0.380 
29.00 80 81 
28.91 79 80 
28.98 79 80 
29.00 80 81 
28.90 80 81 
28.98 79 80 
23.90 79 80 
28.98 79 80 
29.00 79 80 
28.90 79 80 
28.98 79 80 
29.00 80 81 
28.98 77 78 
28.99 78 79 
29 . 00 7 9 8 0 
28.90 79 80 
28.98 79 80 
29.00 78 80 
29.00 79 80 
29.01 78 79 
29.00 78 79 
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Table 5. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
26.36 
31.24 
35.15 
46.87 
52.27 
70.30 
93.73 
105.45 
140.60 
158.17 
187.47 
210.90 
0.2600 
0.3350 
0.3900 
0.5950 
0.7150 
1.1200 
1.7800 
2.12 
3.37 
4.10 
5.39 
6 . 6 1  
0.380 
0.510 
0.600 
0.900 
1.030 
1.710 
2.640 
3.25 
5.20 
6.35 
8.46 
10.37 
29.01 
29.00 
29.01 
29.01 
29.01 
29.01 
29.00 
29.01 
29.02 
29.02 
29.02 
29.02 
73 
79 
78 
79 
78 
78 
77 
77 
78 
78 
79 
78 
79 
80 
79 
80 
79 
79 
79 
79 
80 
80 
8 1  
80 
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Table 6. Calculated linear flow data for media with porosity of 0.397 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
w2 
AP/L 
(cu. ft. per min. sq. 
per in. of water) 
AP/L 
(in. of water 
per ft.) 
0.17 0.0012 24.0833 0.0446 
0.26 0.0022 30.7273 0.0456 
0.34 0.0025 46.2400 0.0459 
0.52 0.0032 84.5000 0.0466 
0.69 0.0045 105.8000 0.0479 
0.78 0.0046 132.2609 0.0480 
1.03 0.0066 160.7424 0.0500 
1.38 0.0088 216.4091 0.0522 
1.55 0.0098 245.1531 0.0532 
1.95 0.0120 316.8750 0.0554 
2.07 0.0130 329.6077 0.0564 
2.32 0.0144 373.7778 0.0578 
2.76 0.0172 442.8837 0.0606 
2.93 0.0200 429.2450 0.0634 
3.10 0.0193 497.9 275 0.0627 
3.91 0.0260 588.0039 0.0694 
4.13 0.0273 624.7949 0.0707 
4.65 0.0306 706.6177 0.0740 
5.86 0.0400 858.4900 0.0834 
6.20 0.0417 921.8225 0.0851 
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Table 6. (Continued) 
Air flow Pressure v2 
rate difference AP/L AP/L 
(cfm per (in. of wa­ (cu. ft. per min. sq. (in. of water 
sq. ft.) ter per ft.) per in. of water) per ft. 
7.81 0.0550 1109.0200 0.0984 
8.27 0.0593 1153.3373 0.1027 
8.79 0.0600 1287.7350 0.1034 
9.30 0.0671 1288.9717 0.1105 
11.72 0.0870 1578.3322 0.1304 
15.62 0.1300 1876.8031 0.1734 
17.58 0.1480 2088.2189 0.1914 
23.43 0.2180 2518.1876 0.2614 
26.36 0.2600 2672.4985 0.3034 
31.24 0.3350 29 13 . 2466 0.3784 
35.15 0.3900 3168.0064 0.4334 
46.87 0.5950 3692.0956 0.6384 
52.27 0.7150 3821.19 29 0.7584 
70.30 1.1200 4412.5804 1.1634 
93.73 1.7800 4935.5690 1.8234 
105.45 2.1200 5245.1427 2.1634 
140.60 3.3700 5865.9822 3.4134 
158.17 4.1000 6101.8900 4.1434 
187.47 5.3900 6520.4083 5.4334 
210.90 6.6100 67 29.0182 6.6534 
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Table 7. Original linear flow data for media with porosity of 0.330 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
0.17 0.0010 
0.0009 
0.001 
0.001 
29.07 
29.07 
68 
68 
69 
70 
0 . 2 6  0.0019 
0.0016 
0 . 0 0 2  
0 . 0 0 2  
29.07 
29.07 
68 
69 
69 
70 
0.34 0.0023 
0.0019 
0.003 
0 .002  
29.07 
29.07 
68 
69 
69 
70 
0.52 0.0038 
0.0037 
0.004 
0.005 
29.06 
29.07 
68 
69 
69 
70 
0.69 0.0044 
0.0050 
0.007 
0.007 
29.07 
29.07 
68 
69 
69 
70 
0.78 0.0050 
0.0050 
0.007 
0.008 
29.06 
29.07 
68 
69 
69 
70 
1.03 0.0070 
0.0069 
0.010 
0.011 
29.06 
29.07 
68 
69 
69 
70 
1.38 0.0088 
0.0098 
0.013 
0.013 
29.07 
29.07 
68 
69 
69 
70 
1.55 0.0104 
0.0101 
0.015 
0.016 
29.06 
29.07 
68 
69 
69 
70 
1.95 
2.07 
0.0100 
0.0142 
0.0141 
0.030 
0 .021  
0 .022  
29.08 
29.06 
29.07 
73 
68 
69 
74 
69 
70 
2.32 0.0161 
0.0158 
0.023 
0.023 
28.92 
29.07 
72 
69 
73 
70 
2.76 0.0191 
0.0186 
0.028 
0.028 
29.07 
29.06 
69 
69 
70 
70 
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Table 7. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
2.93 
3.10 
3.91 
4.13 
4.65 
5.86 
6 . 2 0  
7.81 
8.27 
8.79 
9.30 
11.72 
15.62 
17.58 
23.43 
26.36 
31.24 
0.0180 
0.0219 
0.0215 
0.0260 
0.0295 
0.0286 
0.0329 
0.0326 
0.0430 
0.0455 
0.0452 
0.0630 
0.0632 
0.0626 
0.0700 
0.0727 
0.07 29 
0.1020 
0.1480 
0.1700 
0.2550 
0.2980 
0.3720 
0.030 
0.033 
0.033 
0.040 
0.046 
0.045 
0.050 
0.050 
0.060 
0.070 
0.070 
0.090 
0.095 
0.095 
0.130 
0 . 1 1 2  
0.111 
0.190 
0.220 
0.280 
0.300 
0.460 
0.580 
29.08 
28.91 
29.07 
29.08 
28.92 
29.07 
28.92 
29.07 
29.08 
28.92 
29.07 
29.08 
29.06 
29.06 
29.08 
28.91 
29.07 
29.08 
29.09 
29.08 
29.08 
29.05 
29.09 
73 
72 
69 
73 
72 
70 
72 
69 
73 
72 
69 
73 
69 
69 
73 
72 
69 
73 
72 
73 
73 
76 
72 
74 
73 
70 
74 
73 
71 
73 
70 
74 
73 
70 
74 
70 
70 
74 
73 
70 
74 
73 
74 
74 
77 
73 
Table 7. (Continued) 
102 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
35.15 0.4550 0.710 29.08 73 74 
46.87 0.6900 1.020 29.05 75 76 
52.27 0.8250 1.270 29.05 76 77 
70.30 1.3000 2.000 29.07 76 77 
93.73 2.0400 3.200 29.09 72 73 
105.45 2.480 4.000 29.08 73 74 
140.60 4.000 6.200 29.09 73 74 
158.17 4.870 7.530 29.10 73 74 
187.47 6.460 10.120 29.09 73 74 
210.90 7.870 12.020 29.10 73 75 
and 
w = C (AP/L)m (31) 
which are the empirical equations used in development of the two non­
linear flow equations. 
Data from the non-linear flow study are given in Figures 18 through 
20. These data are presented over a cross section of the non-linear 
flow system with the decimal point of each number representing the 
location of the pressure tap from which the number was obtained. The 
calculated values are static pressures calculated, with a high speed 
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Table 8. Calculated linear flow data for media with porosity of 0.380 
2 Air flow Pressure w 
rate difference AP/L AP/L + a 
(cfm per (in. of wa- (cu. ft. per min. sq. (in. of water 
sq. ft.) ter per ft.) per in. of water) per ft.) 
0.17 0.0010 28.9000 0.0344 
0.26 0.0018 37.5556 0.0352 
0.34 0.0021 55.0476 0.0355 
0.52 0.0038 71.1579 0.0372 
0.69 0.0047 101.2979 0.0381 
0.78 0.0050 121.6800 0.0384 
1.03 0.0070 151.5571 0.0404 
1.38 0.0093 204.7742 0.0427 
1.55 0.0103 233.2524 0.0437 
1.95 0.0100 380.2500 0.0434 
2.07 0.0142 301.7535 0.0476 
2.32 0.0160 336.4000 0.0494 
2.76 0.0189 403.0476 0.0523 
2.93 0.0180 476.9389 0.0514 
3.10 0.0217 442.8571 0.0551 
3.91 0.0260 588.0039 0.0594 
4.13 0.0291 586.1478 0.0625 
4.65 0.0328 659.2226 0.0662 
5.86 0.0430 798.5953 0.0764 
6.20 0.0454 846.6960 0.0788 
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Table 3. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
w2 
AP/L 
(cu. ft. per min. sq. 
per in. of water) 
AP/L + a 
(in. of water 
per ft.) 
7.81 0.0630 963.1921 0.0964 
3.27 0.0629 1087.3275 0.0963 
8.79 0.0700 1103.7729 0.1034 
9.30 0.0728 1188.0495 0.1062 
11.72 0.1020 1346.6510 0.1354 
15.62 0.1480 1648.5432 0.1814 
17.58 0.1700 1817.9738 0.2034 
23.43 0.2550 2152.8035 0.2884 
26.36 0 . 29 8 0 2331.7101 0.3314 
31.24 0.3720 2623.4882 0.4054 
35.15 0.4550 . 2715.4341 0.4384 
46.87 0.6900 3183.7636 0.7234 
52.27 0.8250 3311.7005 0.8584 
70.30 1.3000 3301.6077 1.3334 
93.73 2.0400 4306.5 259 2.0734 
105.45 2.4800 4483.7510 2.5134 
140.60 4.0000 4942.0900 4.0334 
158.17 4.8700 5137.1148 4.9034 
187.47 6.4600 5440.4026 6.4934 
210.90 7.8700 5651.6912 7.9034 
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Table 9. Original linear flow data for media with porosity of 0.373 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
0.17 0.0012 0.001 
0.0012 0.001 
0.26 0.0021 0.003 
0.0017 0.003 
0.34 0.0025 0.005 
0.0023 0.003 
0.52 0.0043 0.007 
0.0044 0.007 
0.69 0.0063 0.010 
0.0053 0.008 
0.78 0.0065 0.009 
0.0067 0.010 
1.03 0.0083 0.012 
0.0084 0.013 
1.38 0.0115 0.018 
0.0121 0.018 
1.55 0.0127 0.020 
0.0135 0.020 
1.95 0.0170 0.020 
2.07 0.0177 0.027 
0.0178 0.028 
2.32 0.0200 0.032 
0.0201 0.030 
2.76 0.0240 0.038 
0.0239 0.038 
2.93 0.0270 0.040 
29.01 72 73 
29.03 72 73 
29.02 72 73 
29.03 72 73 
29.01 72 73 
29.03 72 73 
29.02 72 73 
29.03 7 2 73 
29.02 72 73 
29.03 72 73 
29.03 72 73 
29.03 72 73 
29.03 72 73 
29.03 72 73 
29.02 72 73 
29.02 72 73 
29.04 71 72 
29.04 72 73 
29.00 79 80 
29.04 71 72 
29.04 72 73 
29.02 71 72 
29.05 72 73 
29.02 72 73 
29.02 72 73 
29.00 79 80 
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Table 9. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
3.10 
3.91 
4.13 
4.65 
5.86 
6 . 2 0  
7.81 
8.27 
8.79 
9.30 
11.72 
15.62 
17.58 
23.43 
26.36 
31.24 
35.15 
0.0269 
0.0264 
0.0350 
0.0360 
0.0361 
0.0410 
0.0421 
0.0500 
0.0569 
0.0568 
0.0720 
0.0788 
0.0783 
0.0800 
0.0905 
0.0912 
0.1100 
0.1600 
0.1850 
0 . 2700 
0.3180 
0.4080 
0.4900 
0.042 
0.042 
0.045 
0.058 
0.058 
0 .066  
0 .066  
0.070 
0.090 
0.089 
0.095 
0.124 
0.124 
0.130 
0.145 
0.145 
0.180 
0.220 
0.290 
0.500 
0.550 
0.620 
0.780 
29.03 
29.04 
29.00 
29.02 
29.05 
29.01 
29.04 
29.00 
29.01 
29.04 
29.00 
29.02 
29.02 
29.00 
29.00 
29.04 
29.00 
29.00 
29.00 
29.00 
29.00 
28.98 
29.00 
71 
72 
79 
71 
72 
71 
72 
79 
71 
72 
79 
72 
72 
79 
71 
72 
79 
78 
78 
78 
78 
78 
78 
72 
73 
80 
72 
73 
72 
73 
80 
72 
73 
80 
73 
73 
80 
72 
73 
80 
79 
79 
79 
79 
79 
79 
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Table 9. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
46.87 0.7400 1.130 29.00 78 79 
52.27 0.8650 1.370 29.00 78 79 
70.30 1.3700 2.130 29.00 77 78 
93.73 2.1600 2.350 28.98 77 78 
105.45 2.6200 4.150 29.00 77 78 
140.60 4.1900 6.450 28.98 76 78 
158.17 5.0300 8.030 28.98 76 78 
137.47 6.7500 10.700 28.98 76 78 
210.90 8.2300 12.770 28.98 76 78 
computer, from the differential equations (22 and 25). 
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Table 10. Calculated linear flow data for media with porosity of 0.373 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
XV 
AP/L 
(cu. ft. per min. sq. 
per in. of water) 
AP/L + a 
(in. of water 
per ft.) 
0.17 
0 . 2 6  
0.34 
0.52 
0.69 
0.78 
1.03 
1.38 
1.55 
1.95 
2.07 
2.32 
2.76 
2.93 
3.10 
3.91 
4.13 
4.65 
5.86 
6.20  
0.0012 
0.0019 
0.0024 
0.0044 
0.0061 
0 .0066  
0.0084 
0.0118 
0.0131 
0.0170 
0.0178 
0.0201 
0.0240 
0.0270 
0.0267 
0.0350 
0.0361 
0.0416 
0.0500 
0.0569 
24.0833 
35.5789 
48.1667 
61.4545 
78.049 2 
92.1813 
126.2976 
161.3898 
183.39 69 
223.6765 
240.7247 
267.7811 
317.4000 
317.9593 
359.9251 
436.8029 
472.4903 
519.7716 
686.7920 
675.6712 
0.0432 
0.0439 
0.0444 
0.0464 
0.0481 
0.0486 
0.0504 
0.0533 
0.0551 
0.0590 
0.0598 
0.0621 
0.0660 
0.0690 
0.0687 
0.0770 
0.0781 
0.0836 
0.0920 
0.0989 
Table 10. (Continued) 
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Air flow Pressure w2 
rate difference AP/L AP/L + a 
(cfm per (in. of wa- (eu. ft. per min. sq. (in. of water 
sq. ft.) ter per ft.) per in. of water) per ft.) 
7.81 0.0720 847.1681 0.1140 
8.27 0.0786 870.1387 0.1206 
8.79 0.0800 965.8013 0.1220 
9.30 0.0909 951.4852 0.1329 
11.72 0.1100 1248.7127 0.1520 
15.6 2 0.1600 1524.9 0 25 0.2020 
17.58 0.1850 1670.5751 0.2270 
23.43 0.2700 2033.2033 0.3120 
26.36 0.3180 2185.0616 0.3600 
31.24 0.4080 239 2.0039 0.4500 
35.15 0.4900 2521.4745 0.5320 
46.87 0.7400 2968.6445 0.7820 
52.27 0.8650 3158.5583 0.9070 
70.30 1.3700 3607.3650 1.4120 
93.73 2.1600 4067.2745 2.2020 
105.45 2.6200 4244.1613 2.6620 
140.60 4.1900 4717.9857 4.2320 
158.17 5.0800 4924.7537 5.1220 
187.47 6.7500 5206.6668 6.79 20 
210.90 8.2300 5404.4727 8.2720 
Figure 17. Sketch of the wooden model showing the locations of the 
pressure taps for linear air flow study 
t MEDIA SURFACE 
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Table 11. Original linear flow data for media with porosity of 0.437 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
0.88 0.0033 
0.0032 0.008 29.16 69 70 
1.07 0.0042 
0.0042 0.010 29.17 68 69 
1.11 0.0043 
0.0044 0.010 29.15 70 71 
1.36 0.0053 
0.0053 0.012 29.16 69 70 
2.09 0.0080 
0.0081 0.018 29.15 71 72 
2.22 0.0093 
0.0091 0.021 29.17 68 69 
2.55 0.0120 
0.0120 0.023 29.15 70 71 
2.81 0.0124 
0.0123 0.024 29.16 69 70 
3.69 0.0161 
0.0161 0.033 29.16 68 72 
4.07 0.0183 
0.0183 0.038 29.16 69 70 
4.52 0.0210 
0.0211 0.041 29.15 71 72 
5.16 0.0230 
0.0230 0.048 29.16 70 71 
5.27 0.0251 
0.0250 0.050 29.21 68 71 
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Table 11. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
5.28 0.0260 
0.0260 0.050 29.15 70 72 
6.44 0.0300 
0 . 0293 0.062 29.21 67 71 
6.67 0.0311 
0.0310 0.063 29.20 67 71 
6.87 0.0330 
0.0330 0.066 29.16 69 70 
8.16 0.0407 
0.0407 0.080 29.21 68 71 
8.70 0.0457 
0.0450 0.084 29.16 70 71 
9.35 0.0500 
0.0487 0.093 29.15 69 72 
9.67 0.0513 
0.0500 0.098 29.15 72 73 
12.51 0.0680 
0.0677 0.135 29.20 69 72 
13.33 0.0750 
0.0740 0.160 29.21 71 72 
15.29 0.0877 
0.0877 0.160 29.20 68 71 
16.31 0.0977 
0.0947 0.180 29.15 72 73 
16.88 0.1000 
0.0973 0.190 29.21 69 71 
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Table 11. (Continued) 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
Plenum 
pressure 
(in. of 
water) 
Barometric 
pressure 
(in. of 
mercury) 
Temperature (°F) 
Wet Dry 
bulb bulb 
17.13 
22.17 
24.43 
27.09 
28.39 
30.95 
31.65 
41.20 
52.19 
56.07 
58.03 
97.85 
102.79 
173.34 
0.1053 
0.1013 
0.1450 
0.1430 
0.1650 
0.1600 
0.1910 
0.1850 
0.2120 
0.2000 
0.2270 
0.2250 
0.2360 
0.2320 
0.3470 
0.3330 
0.4900 
0.4720 
0.5430 
0.5250 
0.5730 
0.5530 
1. 2750 
1.24 30 
1.3720 
1.3480 
3.1830 
3.1370 
0.190 
0.250 
0.320 
0.390 
0.420 
0.430 
0.460 
0.670 
0.940 
1.060 
1.100 
2.630 
2.860 
6.850 
29.16 
29.19 
29.21 
29.20 
29.16 
29.21 
29.20 
29.21 
29.21 
29.20 
29.29 
29.19 
29.18 
29.17 
71 
68 
69 
69 
69 
69 
69 
69 
68 
68 
69 
67 
66 
67 
72 
72 
71 
72 
72 
72 
72 
72 
72 
72 
72 
72 
73 
73 
Table 12. Calculated linear flow data for media with porosity of 0.437 
Air flow 
rate 
(cfm per 
sq. ft.) 
Pressure 
difference 
(in. of wa­
ter per ft.) 
w2 
AP/L 
(cu. ft. per 
min. sq. per 
in. of water) 
AP/L + a 
(in. of wa­
ter per ft.) 
log. (w) log. (AP/L) 
0.88 0.003 258.1333 0.0379 9.94448 - 10 7.47712 - 10 
1.07 0.004 286.2250 0.0389 0 . 029 38 7.60206 - 10 
1.11 0.004 308.0250 0.0339 0.04532 7.60206 - 10 
1.36 0.005 369.9 200 0.0399 0.13354 7.69897 - 10 
2.09 0.008 546.0125 0.0429 0.32015 7.90309 - 10 
2. 22 0.009 547.6000 0.0439 0.34635 7.95424 - 10 
2.55 0.012 541.8750 0.0469 0.40654 3.07918 - 10 
2.81 0.012 658.0083 0.0469 0.44871 8.07918 - 10 
3.69 0.016 851.0063 0.0509 0.56703 8.20412 - 10 
4.07 0.018 918.0111 0.0529 0.60959 8.25527 - 10 
4.52 0.021 972.8762 0.0559 0.65514 3.32222 - 10 
5.16 0.023 1157.6348 0.0579 0.71265 3.36173 - 10 
5. 27 0.025 1110.9160 0.0599 0.72181 8.39794 - 10 
5.28 0.026 107 2.246 2 0.0609 0.72263 8.41497 - 10 
Table 12. (Continued) 
Air flow Pressure w^ 
rate difference AP/L 
(cu. ft. per 
(cfm per (in. of wa- min. sq. per 
sq. ft.) ter per ft.) in. of water) 
6.44 0.030 1382.4533 
6.67 0.031 1435.1258 
6.87 0.033 1430.2091 
8.16 0.041 1624.0390 
8.70 0.045 1682.0000 
9.35 0.049 1784.1327 
9.67 0.051 1833.5078 
12.51 0.068 2301.4721 
13.33 0.075 2369.1853 
15.29 0.088 2656.6375 
16.31 0.096 2771.0010 
16.88 0.099 2378.1253 
17.13 0.103 2848.9019 
22.17 0.144 3416.2563 
AP/L + a log. (w) log. (AP/L) 
(in. of wa-
ter per ft.) 
0.0649 
0.0659 
0.0679 
0.0759 
0.0799 
0.0839 
0.0359 
0.1029 
0.1099 
0.1229 
0.1309 
0.1339 
0.1379 
0.1789 
0.80889 
0.82413 
0.83696 
0.91169 
0.93952 
0.97081 
0.98543 
1.097 26 
1.12483 
1.18441 
1.21245 
1.22737 
1.23376 
1.34577 
3.47712 
3.49136 
8.51851 
8.61278 
8.65321 
3.69020 
8.70757 
8.83251 
8.87506 
3.94448 
8.98227 
8.99564 
9.01284 
9.15836 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
(Continued) 
Pressure 
difference 
(in. of wa-
ter per ft.) 
w 
AP/L 
(cu. ft. per 
min. sq. per 
in. of water) 
AP/L + a 
(in. of wa-
ter per ft.) 
log. (w) 
0.163 
0.188 
0.206 
0.226 
0.234 
0.340 
0.481 
0.534 
0.563 
1.259 
1.360 
3.160 
3661.5025 
3903.5537 
4051.6121 
4238.5066 
4280.8654 
4992.4706 
5662.7778 
5887.3500 
5981.3160 
7604.9424 
7768.9589 
9508.4670 
0.1979 
0.2229 
0.2409 
0. 2609 
0.2689 
0.3749 
0.5159 
0.5689 
0.5979 
1.2939 
1.3949 
3.1949 
1.38792 
1.43281 
1.46075 
1.49066 
1.50037 
1.61490 
1.71759 
1.74873 
1.76365 
1.99056 
2.01195 
2.23890 
Figure 18. Original data for non-linear air flow study 
119 
0.4C1-04RJÛ.4M 0.444-
OS46_Ofl62Ja»4S QJ36-
uxi-uxiafle u>u im _ 
lâe_L2»-l2Se I234_ 
L**_ti23_l9e IH2 1>44_ 
L768_U67_L7tO l.7»_ 
2.07„?nB fg L07 |J 
Z2t-2.4S.2Ja 236 -
2JI 2J6-2J7 L# IM-
I I I I I 
401 393 3* m 342 347 307 3J3 2M 
446-449-436-4»—403-4JOI-346 - 323- 306-
I I I I I 
469 <98 <90 <93 <72 <32 3.72 132 332 
! I I I I 
S393.5393.3393.3399-S393_449—40t - ICS _340_ 
I  ! ] l  
&393 496 <31 361 342 
<ur SUPPLY ourr 
- 2J3 2.47 224 2.01 IJ7S 1.74» L627 1344 1.803 1464 
-246-
1 5JB3 4se œ we Î M zm 
jra %l_ 
-221 U07_ 
l  ,u 
_IJB7Q_ 
l 
„L_ 
-1.766 1642 _ 
{" r 
-1000 1.706-
I I 
1.606 \sa 
.1.527 1.4* _ 
I I 
I I 
-1.390 1496 L8e_ 
|*T2J«6. 
I AO 1466 
I 
1.466.1496. 
I 
1.602 
NOTE' ORO SPACING - I 1/2 NCHES 
VALUES GIVEN IN • INCHES OF WATER 
MEDIUM POROSITY - 0.437 
MEAN TEMPERATURE DURING TEST - 77' F 
MEAN BAROMETRIC PRESSURE DURING TEST - 2aiO 9i OF MERCURY 
AIR FLOW DURING TEST - 24.46 CFM 
gure 19. Data calculated from the two-dimensional non-linear air flow 
exponential equation 
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Figure 20. Data calculated from the two-dimensional non-linear 
air flow power equation 
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i ! ' 1 : ! ! | ! I ! I ' ' : 
amt OUCT 3,3*3. 4 64* -4.050 . 5.5*2 iziO .2.915 .2.672 ,2.47* 2 322 .249* .2.103 052 .1.964 1*57 .1.94» 
5393 *93 <100 3*23 .3243 2*3* .zltW .2(4*3 2 336 .2211 2.114 2^42 I **3 1*63 1*56 
NOTE' OR 10 SPACING - I 1/2 NCHES 
VALUES GIVEN IN INCHES OF WATER 
124 
APPENDIX B: SAMPLE CALCULATIONS 
Determination of Air Flow Rates from Different Sprocket Ratios 
The apparatus used for supplying air during the early phases of this 
study was equipped with two bells, one with a diameter of 9.5 inches for 
supplying low air flow rates, and the other with a diameter of 32 inches 
for supplying high flow rates. The driving rack for the bell was 
measured to displace 18.86 inches for three revolutions of the pinion 
and the jack shaft speed was found to be 236 + 2 revolutions per minute. 
A fifty-to-one speed reducer was used in the power train, between the 
jack shaft and the pinion, in addition to two chain drives. A sprocket 
ratio expressed as 12:7 2 indicates a driving sprocket with 12 teeth and 
a driven sprocket with 7 2 teeth. In the case where the sprocket ratios 
were 12:7 2 and 12:72 and the 32-inch belt was used, the air flow per 
square foot of bin area (or the apparent velocity) for a 6-inch diameter 
cylindrical bin was 
» •  «.  <»> 
and for the 9.5-inch bell 
=0.17 cfmper sq. ft. (33) 
Air flow rates for other sprocket ratios used are given in Table 13. 
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Table 13. Air flow rates for different sprocket ratios 
Air flow rate 
(cfm per sg. ft.) 
Sprocket ratio 32 in. 9.5 in. 
bell bell 
12:72 - 12:72 1.95 0.17 
12:72 - 18:72 2.93 0.26 
12:72 - 12:36 3.91 0.34 
12:72 - 18:36 5.86 0.52 
12:72 - 24:36 7.81 0.69 
12:72 - 18:24 8.79 0.78 
12:72 - 18: 18 11.72 1.03 
12:72 - 24:18 15.62 1.38 
12:72 - 36: 24 17.58 1.55 
12:72 - 36:18 23.43 2.07 
12:24 - 18:24 26.36 2.32 
24:72 - 24:18 31.24 2.76 
12:72 - 36:12 35.15 3.10 
12:24 - 24:18 46.87 4.13 
12:24 - 36:24 52.27 4.65 
12:24 - 36:18 70.30 6.20 
24:12 - 24:36 93.73 8.27 
12:24 - 36:12 105.45 9.30 
72:24 - 24:36 140.60 
72: 24 - 18:24 158.17 
24:12 - 24:18 187.47 
7 2: 24 • 18:18 210.90 
Determination of Air Flow Rates 
from Different Transmission Gear Combinations 
During the Fall of 1959 the power train for the air pump was modi­
fied by replacing the jack shaft viuh two transmissions. A schematic 
view of these transmissions is shown in Figure 21, and their gear ratios 
are given in Table 14. In addition to the two transmissions the power 
train included two chain drives and a fifty-to-one speed reducer. The 
rack displaced the bell 18.86 inches during three pinion revolutions as 
before, and the input speed to the first transmission was 239 + 1 revolu­
tions per minute. Therefore, with the large bell, the small transmission 
in second gear, the large transmission in fourth gear, and sprocket ratios 
of 72:24 - 31:30, as used in the non-linear flow study, the air displaced 
was 
The modified air pump also was used for supplying air for a linear 
flow study in the wooden model. The model was furnished with a perforated 
plate floor for emitting the air to the medium. This plate was 24 % 1-1/2 
inches ; thus the air flow rate through the medium for an air flow as 
given above was 
w = ^(24)(1^5)^^ = 97-84 cfm per square foot. (35) 
Air flow rates for other transmission gear combinations are given in 
Table 15. 
Figure 21. A schematic view of the transmissions used in the power 
train of the air pump 
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19 \ 27-
OUTPUT 
c 
I 
r-"-i 
2 
15 ^—18 
^20 
-25 
y 14 
•T 
INPUT 
1 
V-31 
SMALL TRANSMISSION 
xOUT 
1 
PUT 
I 
22-
Ï 
13 
18-H 
2> 
t 17 
17-
V 24 
27-' '6 43^r 
LARGE TRANSMISSION 
INPUT-^ 
3^ 
1 
NOTE' NUMBERS INDICATE NUMBER OF GEAR TEETH 
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Table 14. Gear ratios for transmissions 
Gear Small 
transmission 
Large 
transmission 
First (1) 3Y 
252 
837 
11 y il 
43 43 
289 
1349 
Second ( 2) _14 25 
31 X 20 
350 
620 
17 27 
43 X 33 
459 
1419 
Third (3) 1/1 = 1 
17 36 
43 X 24 
612 
1032 
Fourth (4) 1 /1  =  1  
Reverse (R) 14 18 15 _ 3780 
31 X 19 X 27 15903 
17 17 18 5202 
43 X 22 X 43 = 40678 
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Table 15. Air flow rates for different transmission gear combinations 
Transmission gear Sprocket ratio Air flow rate 
Small Large (cfm per sq. ft.) 
trans. trans. 
R R 18:36 - 31:30 0.88 
R 1 18:36 - 31:30 1.07 
1 R 18:36 - 31:30 1.11 
1 1 18:36 - 31:30 1.36 
2 R 18:36 - 31:30 2.09 
R 2 18:36 - 31:30 2.22 
2 1 18:36 - 31:30 2.55 
1 2 18:36 - 31:30 2.81 
3 R 18:36 - 31:30 3.69 
R 3 18:36 - 31:30 4.07 
3 1 18:36 - 31:30 4.52 
1 3 18:36 - 31:30 5.16 
R R 72:24 - 31:30 5.27 
2 2 18:36 - 31:30 5.28 
R 1 72:24 - 31:30 6.44 
1 R 72:24 - 31:30 6.67 
R 4 18:36 - 31:30 6.87 
1 1 72:24 - 31:30 8.16 
1 4 18:36 - 31:30 8.70 
3 2 18:36 - 31:30 9.35 
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Table 15. (Continued) 
Transmission %ear Sprocket ratio Air flow rate 
Small Large (cfm per sq. ft.) 
Trans. trans. 
2 3 18:36 - 31:30 9.67 
2 R 7 2: 24 - 31:30 „12.51 
R 2 72:24 - 31:30 13.33 
2 1 72: 24 - 31:30 15.29 
2 4 18:36 - 31:30 16.31 
1 2 72: 24 - 31:30 16.88 
3 3 18:36 - 31:30 17.13 
3 R 72:24 - 31:30 22.17 
R 3 72: 24 - 31:30 24.43 
3 1 72:24 - 31:30 27.09 
3 4 18:36 - 31:30 28.89 
1 3 7 2:24 - 31:30 30.95 
2 2 72:24 - 31:30 31.65 
R 4 72:24 - 31:30 41.20 
1 4 72:24 - 31:30 52.19 
3 2 72:24 - 31:30 56.07 
2 3 72:24 - 31:30 58.03 
2 4 72:24 - 31:30 97.84 
3 3 7 2:24 - 31:30 102.79 
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Determination of the Media Porosities 
The porosity of the porous media was defined as the ratio of the 
void volume xrithin the media to the total volume of the container into 
which the steel shot were packed. The cylinder used in this study had 
a volume of 0.325 cubic feet and the ™ood model had a volume of 0.50 
cubic feet. By assuming the steel shot to be perfect spheres, the 
density of the steel in the shot was found to be 439 pounds per cubic 
feet. Therefore, the porosity of the medium for 92.47 pounds of shot 
placed in the cylindrical container was 
f 
° 
1 
- (o.&hil) • °-418 • <36) 
Other porosities used during the study were 0.397, 0.330, and 0.373 
in the cylindrical container and 0.437 in the wood model. 
APPENDIX G: DEVELOPMENT OF THE NON-LINEAR 
FLOW EQUATION 
The two non-linear flow equations used in this study were for two-
dimensional air flow. Here the development is given for only the 
equation obtained by assuming the linear air flow equation to be, 
However, the second equation was developed with the same procedure by 
assuming the linear flow equation to be, 
This development is made under the assumptions that for air flowing 
through a homogeneous porous mass the flow is in a direction normal to 
the isopressure lines, and the differential form of Equation 37 expresses 
the velocity as a function of the pressure gradient in this direction. 
The first steps in the development of the equation can be found in 
texts on fluid flow. Consider an increment of fluid in the x,y plane 
with a constant area density "T , 
w2 = 1/b AP/L In (37) 
w = C (AP/L)m (33) 
Ï *JV 
+ fvy dy 
dy <Tu-> 
—+ 7"ux dx 
Tv 
For steady-state flou conditions the mass flow rate into the area is 
equal to the flow rate from the area. That is, 
"Ju dy -r "7*v d>; = ( 7"u -r I'u.. dx)dy 4- {'Tv -i-1*dy) d: (39) 
or 
u,. t Vy = 0 . (40) 
Secondly, the pressure gradients in the x and y directions are 
related to the normal gradient by the equation, 
PR = + Py (41) 
and the velocity components in the x and y directions to the normal 
velocity and the pressure gradients by 
u/w = P.-/P,- (42) 
and 
v/w = Py/Pn (43) 
Therefore, substitution of the differential form of Equation 37 into 
Equations 42 and 43 yields, 
u = P 
x \ b Pn 
= Px % 
v = P, \ b P n = Py Z 
(44) 
(45) 
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Differentiation of Equation 44 with respect to x gives, 
u„ = prcx z + 
2 b (P^ +Pp 2\3/2 
9 ? 
Px + Pv 
a + + p,' 
In/» +# + 
and differentiation of Equation 45 with respect to y gives, 
Vy = Pyy Z + 
p p p 4- p p ry rxy ' ry ryy 
2 b (p2 + Py)3/2 Z 
rx + pv 
>1 a + MPC + P 
In 
(46) 
(47) 
Substitution of Equations 46 and 47 into Equation 40 after rearrangement 
of terms gives, 
|7l + M) PI + 2 p£] pxx + 2(M - 1) Px Py pxy + 
|] Fx +  ( l + M ) P y  P y y  a (48) 
where: 
M = 
+ Py 
(a + MP2 + p|) in ^a + ^Pjg + Pj j 
(49) 
Equation 48 is the two-dimensional equation desired for predicting static 
pressures in non-linear air flow systems. 
